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ANABSTRACTOF

MEASUREMENTSOFIONOSPHERICCURRENTS

Eight Nike-Apache sounding rockets were instrumented to
investigate the vertical current distribution of the equatorial
electrojet over India and off the coast of Peru, to investigate
the vertical current distributions of the Sq current system at
low latitudes off the coast of Peru, to determine if the lunar
current system is separate from, or part of, the S_ system, and
to correlate these measurementswith simultaneous _lectron den-
sity measurements. Four rockets were launched near the dip
equator from the ThumbaEquatorial Rocket Launching Site near
Trivandrum, India. The other four were launched off the coast
of Peru, two near the dip equator (UNH65-4 and UNH65-5) and
two to the north (UNH65-2 and UNH65-3), from the USNSCroatan,
as part of tho NASAMobile Launch Expedition. A proton magneto-
meter measured the magnetic field, and a simple D.C. Langmuir
probe monitored electron density.

A night flight over India (UNH64-4) showed the effect
of nighttime c_.crents there to be less than 10y. Other flights
into the electrojet from India (UNH64-1, UNrH64-2, and UNH64-3)
and from Peru (bqqH65-4 and UNH65-5) indicated that the electro-
jet is an intense layer of current centered about 109 km with a
more diffuse tail extending to higher altitudes (130 km in India;
135 km in Peru). The vertical distribution is thicker and cen-
tered higher than that found in previous measurements. A second
layer may exist, centered between 140 and 145 km near the center
of the electrojet, although evidence is not conclusive. Taking
into account the finite width of the electrojet, the ratio, in
India, of the contribution of the ionospheric currents at the
ground to the total change in magnetic field on the ground is ap-
proximately 2/3. Since no reverse currents were observed on the
flights at the time of maximumnegative effect of the lunar cur-
rent system (UNH64-3)and UNH65-4), it appears that the lunar
system is either a modulation of the normal current, or that it
mayexist at a higher altitude (unlikely because of lower
conductivity).

Maximumsof electron density correlated with maximumsof
current density, although the reverse was not always evident.
Evidence was found that the effect of the magnetic field on the
Langmuir probe is dependo_t upon the length of the probe in the
direction of the magnetic field.

It was found that the low latitude Sq currents can exist
in two layers, one centered at I00 km and the other at 120 km
(UNIt65-2). A reverse or negative current centered at the height
of the maximumelectrojet current (which may have been a return
current from the electrojet) was observed to exist close to the
electrojet (UNH65-3).
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CHAPTER I

INTRODUCTION

Daily variations in the earth's magnetic field are found to

exist at observatories around the world. On magnetically quiet days

these variations follow definite patterns related to the phase of

the sun and the moon. The dynamo theory of ionospheric currents was

long ago proposed by Stewart (1882) to explain daily Sq variations

(correlated with the sun) in the earth's magnetic field. Two cur-

rent loops (one in each hemisphere), fixed in relation to the sun,

were proposed; daily variations at ground observatories result as

the stations pass under the current systems (Figure i); (see, for

example, Chapman and Bartels, 1940; Maeda and Matsumoto, 1962).

Currents in the northern loop flow counter-clockwise and those in

the southern loop clockwise, contributing to a net west-to-east

flow where they combine near the equator. The global ionospheric

conductivity, depending on the magnetic field direction, collision

frequencies, and the electron density, together with the global

pattern of tidal winds, determine the resulting current density.

Stratification in the ionosphere restricts the currents to

flow primarily in horizontal layers; thus, the tensor conductivity

can be reduced to

where J = T • E

(i)

i
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Here, E is the electric field and the earth's magnetic field is in

the XZ plane (Z being the vertical axis).

The components of the conductivity tensor may be expressed

as

Oxx =
ao 01

ao sin2 # + ol cos2

Syy = 01 + O_ cos2

oo sin 2 _ + o1 cos 2

(2)

(3)

a n a2 sin

Oxy = (4)
aO sin2 _ + gl cos2

where _ is the angle between the magnetic field vector

and the X axis or the dip angle, ao is the direct conductivity along

the magnetic field vector, o I is the Pederson conductivity along the

direction of the component of the electric field perpendicular to

the B field, and o2 is the Hall conductivity in a direction perpen-

dicular to both E and B (Baker and Martyn, 1953; Ratcliffe and Weekes,

1960). Each of these conductivities depends directly on the density

of electrons. The components of the conductivity tensor have their

maxima in the E region, making the region between 90 and 150 km the

most probable location for current flow (Figure 2).

An anomaly called the equatorial electroJet (Chapman, 1951)

occurs near the magnetic dip equator where _ goes to zero. There,

the earth's magmetic field is horizontal and generally northward,

while the electric field and principal current flow are horizontal

and perpendicular to this. The Hall effect produces a vertical

current flow which sets up a space charge, effectively canceling



out the Hall voltage. Equations (2) through (4) become

OXX ----O O

Ùxy = 0

Oyy = °l + a
1

(s)

(6)

= 03 (7)

The result is an enhanced current in the narrow region where the

magnetic field is nearly horizontal (Baker, 1953). These currents

are strongest near ii00 hours local time.

The lunar current system is similar to that of the general

Sq system. Tides controlled by the moon have the same dynamo action

in the ionosphere. This could create a low intensity modulation of

the normal Sq current system. The ratio, Sq/L is smaller in summer

than in winter and varies considerably from day to day, suggesting

that the lunar current might be at a different altitude. During

part of the day the lunar effect is negative with respect to the Sq

system (Chapman and Bartels, 1940). This effect varies in time from

day to day depending on the phase of the moon.

The lateral extent of these currents, especially that of the

electrojet, has been studied from the analysis of ground measurements

from stations all over the world (for example, Forbush and Casaverde,

1962; Onwumechilli, 1959; Ogboehi and Onwumechilli, 1963 and 1964).

The vertical distribution of current density can be determined only

by rocket measurements. Rocket measurements of currents are made

through precise determination of the magnetic fields produced by the

currents (Vestine et al., 1947; Chapman, 1954; Cahill, 1964).
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The first direct measurement of ionospheric currents was

made of the electrojet near the equator by SinKer, Maple, and Bowen

(1951). Subsequent measurements of the electrojet near Jarvis Island

in the Pacific indicated the possibility of a two-layered structure,

with the lower layer between i00 and ii0 km and the upper layer above

120 km (Cahill and Van Allen, 1958; Cahill, 1959). On these early

flights the peak altitude of the rockets did not allow complete pene-

tration of the current layers. Recently, detection of Sq currents

has been made at Woomera, Australia (Burrows and Hall, 1965), and at

Wallops Island, Virginia (Davis et al., 1965).

The purpose of the experiment reported here was four-fold:

i. to investigate the vertical current distribution of the

electrojet over India and off the coast of Peru to a

greater altitude than previously achieved,

2. to investigate the vertical current distribution of the

Sq current systems off the coast of Peru,

3. to determine if the lunar current system is in a separate

layer, or if it is a part of the Sq system, and

4. to correlate these measurements with simultaneous

electron density measurements.

Four flights were launched from the southern tip of India, and four

were launched from the USNS Croatan as part of the NASA Mobile Launch

Expedition off the coast of Peru.
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CHAPTER II

PHYSICAL BACKGROUND

Recognition of the existence of the earth's magnetic field

dates back several centuries; however, it was 1833 when Gauss and

others first established a magnetic observatory and made daily

measurements. Systematic measurements at observatories around the

world since that time have broadened the knowledge of the magnetic

field. Recently, rocket and satellite measurements have added a

third dimension to observational data.

These systematic measurements have led to the recognition

of many classifications of variations in the geomagnetic field.

These have been labeled according to the apparent cause of the

variations. (For discussions of the earth's magnetic field and

variations, see Chapman an___dBartels, 1940, or Sugiura an___dHeppner,

1965).

The earth's magnetic field is believed to originate within

its molten core. The interaction of thermodynamic fluid motions

and electric currents could give rise to the earth's field (Elsasser,

1956). The earth's field can be expressed in the region exterior to

the earth in a series of spherical harmonics with the magnetic

dipole term being the dominant one. The expansion was first per-

formed by Gauss, although many recalculations of the coefficients of

the harmonics have been done since. Two of these - those of Leaton

and Evans (Leaton, Mali_____n_n, an___dEvan____s,1965) and those of Finch and

Leaton (1957) - have been used in this experiment, in later cal-

culations of the magnetic field that the rockets would measure if



there were no ionospheric currents in the region of the flight.

Variations in the earth's magnetic field which are detected

as year-to-year changes at an observatory are called secular varia-

tions. The overall pattern of these variations, as determined from

averages of many years of data, shows that the dipole moment is de-

creasing, the general field pattern is drifting westward, and the

dipole field is shifting northward (Su_iura and Heppner, 1965).

These changes are attributed to changes of source of the main field

in the earth's core.

Other fluctuations in the field are of much shorter durations,

occurring on scales from days or hours to milliseconds. On some days,

which are said to be quiet, the variations are smmoth and regular. On

others the changes are more irregular and these days are called active

or disturbed. A certain type of highly disturbed condition is called

a magnetic storm. Some variations have the period of the solar day

and are classified by the letter S. Others have the period of the

lunar day and are denoted by the letter L. A magnetic disturbance

field is referred to by the letter D.

These general classes of variations are further broken down

(see Sugiura and Chapman, 1960). The notation Sq refers to the solar

variations under quiet magnetic conditions. If the average variation

for the five most quiet days of the month is subtracted from the

average of the five most disturbed days, the result is the SD varia-

tion (sometimes denoted SD). This is called the disturbance daily

variation. The magnetic storm or disturbance field is resolved into

two parts, the Dst variation and the DS variation. If we call the



change in the field from quiet conditions to disturbed conditions

df, the average value of df around a parallel of latitude at any

time is denoted by Dst and is called the storm-time variation. The

difference between df and Dst is called DS or disturbance longitudi-

nal inequality. Thus, the geomagnetic axially symmetric part is

called Dst , while the deviation from axial symmetry is called DS.

The variation DS averaged with respect to the storm time over the

storm days is equivalent to SD for those days.

The magnetic activity of a particular day is denoted by a

number of character indices. The two most common of these are the

Kp and _ indices. _ is the mean standardized K index from twelve

observatories lying between 48° and 63° geomagnetic latitude

(northern or southern). K indices are determined from the largest

of the maximum ranges of the three field components over three-hour

intervals. A quasi-logarithmic relation to the amplitude of the

disturbance is used for K in order to include a wide range of activity

in one-digit numbers. A corresponding linear amplitude index is ap"

is derived from the average of 8 ap values for one day over the

observatories (see, for example, Davis and Su_iura, 1965).

The advent of the experimental discovery of the ionosphere

and consideration of the effects of the geomagnetic field on the el-

ectrical conductivity led, in the 1920's to the concept of the cur-

rents (postulated as the source of these variations) flowing in the

ionosphere. The layered structure of the ionosphere restricts the

current flow in horizontal layers. Although Sq, L, and SD are be-

lieved to result from ionospheric currents, Dst is thought to result

from a ring current flowing in the magnetosphere. There may also be



surface variations caused by the asymmetrical compression of the

magnetosphere (Mead, 1964).

The atmosphere oscillates (due to gravitational forces) with

a period of one-half of a solar or lunar day. In the atmosphere the

solar semi-diurnal componentis larger than the lunar - opposite

from ocean tides. In the atmosphere there exist also solar heating

and rapid variations of density with height. The resulting winds in

the ionosphere have been roughly measuredby examining the drift of

vapor clouds released by a rocket and also by observation of movement

of ionospheric irregularities (see Nordberg and Rasool, 1965). These

large scale motions of the atmosphere and the ionosphere (mainly

horizontal) in the presence of the earth's magnetic field induce an

electric field perpendicular to the magnetic field and to the velocity

of the air. The electric field, or dynamo field (field strength of the

order of millivolts per meter) is able to drive a current system suf-

ficient to account for the S magnetic variations in the ionosphere
q

where the conductivity is large.

The amount of current driven by the dynamo field is dependent

on the conductivity. As discussed in the introduction, the conduc-

tivity is a tensor quantity in the presence of a magnetic field. The

various components of the tensor conductivity have their maxima in

the E region of the ionosphere between 90 and 140 km. The conductivity

is directly proportional to the electron density and is also dependent

upon the mass and the collision frequency. The component of electric

field perpendicular to the magnetic field produces a current, one

component of which (along the electric field) results from the

Pederson conductivity oi, and the other (perpendicular to both B and

E) is in proportion to the Hall conductivity 02 . Both of these
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transverse conductivities dependon the angular gyro frequency of

the particle and are smaller than the direct conductivity along the

field line by factors of [_2/ (_2 + _2)] and [_/_2 + _2)_ re-

spectively, (where _ is the collision frequency and m is the gyro

frequency). Depending on the location and the coordinate system,

these conductivities combine into expressions for the conductivity

tensor terms as expressed in equations (2) through (4) on page 2.

Considering the dynamo field and the conductivity, one ob-

tains the Sq current systems. The idealized model produces a pat-

tern of current that remains stationary under the sun. A vortex of

current is created in each hemisphere (Figure i). Although the

current at any point is relatively small, the total current flowing

across the meridian plane between the two foci is about 120,000

amperes (Sugiura and Heppner, 1965). The current intensities in the

summer hemisphere are greater than those in the winter hemisphere.

These currents have recently been detected on rocket probes (as pre-

viously mentioned) in the E layer. One should note that the over-

head currents induce sub-surface currents which also contribute to

the ground magnetic variation. The induced current is thought to

account for about one-third of the total effect.

x B fields generated at middle and high latitudes by the

patterns of winds combine to create an electric field in the equatori-

al region. This field is eastward near noontime. At the magnetic

dip equator the magnetic field is horizontal and northward. The hori-

zontal stratification of the ionosphere allows the Hall current to

polarize the medium. The result is an area of enhanced conductivity

with o (equation (7)), the Cowling conductivity, being the most
3
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important. The effect is found to decrease rapidly away from a

narrow belt at the dip equator called the electrojet. Recent work

by Sugiura and Cain (1965) shows how the conductivities vary with

latitude and height in the areas of the electrojet. Magnetic varia-

tions from the electrojet are much larger in Huancayo, Peru, than in

other parts of the world. This is explained by a longitudinal

variation in conductivity when the differences in the total magnetic

field at the various observatories are considered (Sugiura and Cain,

1965).

Lunar tides also create a dynamo action (see Matsushita, 1962).

The coupling of the vertical magnetic field with the lunar tidal

wind system creates a current system which has the period of a lunar

half-day. Effects that distinguish the lunar system from the Sq

current system are: the foci are located higher in latitude in sum-

mer than in winter, the summer intensity is about three times that

of winter, the intensity also varies greatly with the lunar phase.

The variation changes characteristics from day to day, as the moon

changes phase. The effect of the lunar current on the sunlit side

is about one-tenth that of Sq. The amplitude of L over the dip

equator is abnormally large from the same causes that create the

electrojet. However, the amplification at the dip equator is larger

for L than it is for Sq. While the lunar variations seem to be

caused by ionospheric currents, as the Sq variations, the differences

between the two lead one to look also for a separate current struc-

ture. Vestine (1960) has stated that Sq and L must be in different

layers, since the changes with season, magnetic activity, and solar

phenomena are not the same.
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In the polar region the DSmagnetic variations can be grouped

into two classes: large changes, occurring over a large part of the

auroral zones, with a time scale of several hours or longer, and rapid

(and often large) fluctuations which are regional in character. The

most notable DS feature is accounted for by an intense auroral elec-

trojet. The detailed structure is not well known; however, the

auroral electrojet is thought to be usually very narrow. Return

currents complete this pattern and account for variations across the

poles and at lower latitudes. The SDvariation is an average of the

DSvariations. At low latitudes it may be a storm-time enhancement

of the Sq system of currents. The dynamics of the magnetospheremust

also be considered. Although at low latitudes the coupling to the

ionosphere is weak, it may be dominant in the polar regions.(Sugiura

and Heppner, 1965).

The equatorial ionosphere exhibits many characteristics which

are different from the temperate zone ionosphere. Radio soundings

of the ionosphere (ionograms) sometimes exhibit a spread appearance

in the F-region echoes (spread F). This phenomenon has been associ-

ated with magnetic field-aligned irregularities in the electron den-

sity, although no definite physical cause has been defined (Aikin

and Bauer, 1965). Sporadic E ionization is also characterized by

field-aligned irregularities in the regions within five degrees of

the dip equator. Equatorial Es appears about 95% of the time on

oblique incidence soundings. It has been suggested that the ir-

regularities from which the Es arises are present throughout the

regions in which the electrojet flows E_g_@.nand Peterson, 1962;

Bo___wlesand Cohe____nn,1962). Evidence from the study of equatorial
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sporadic E indicates that the electrojet irregularities extend in a

region from i00 to 107 km in height, that they are plane wave fronts

parallel to the magnetic lines of force, that the irregularities are

at least 200 meters in length along the magnetic field line, and

that equatorial slant sporadic E (slanted trace on the ionogram) is

from the samesource as equatorial sporadic E irregularities and re-

sults from echoes in the equatorial plane. The mechanismof the in-

stability has been suggested by Farley (1963) to be the two-stream

instability. A plasma consisting of two or more interpenetrating

s_eams of charged particles will be unstable if the mean velocity of

the particles in one stream is sufficiently great, relative to the

mean velocity in the other stream. In this case longitudinal waves

will grow spontaneously. This simple picture is complicated in the

ionosphere by collisions and the magnetic field, although the re-

suit is similar. VHF scattering measurements have been used to probe

these effects in the lower E regions _ohen and Bowles, 1963; Bowles

et al., 1963). Recently, evidence has also been presented for the

existence of VHF echoes at 140 to 150 km (Balsley, 1964; 1965).

From the above discussion it is evident that many character-

istics of the ionosphere need to be verified and explained. The use

of a rocket allows a measurement to be made directly within the

ionosphere. Some of the pertinent questions that measurement of

ionospheric currents can help to answer are listed below:

i. What is the vertical distribution of current density

in the ionosphere?

2. What are the vertical profiles of conductivity and

electric field which are directly related to the currents?
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3. Do the L and SDmagnetic variations stem from currents

in layers separate from the Sq layer, or are the effects

from a combinedcurrent in the samelayer or layers?

4. Do measurementsof electron density (which is directly

related to conductivity) correlate with ionospheric

current measurements?

5. Howwell do the ionospheric measurementsof currents

comparewith ground magnetic measurements, and from

this, how large are the induced sub-surface current

effects?

6. What is the actual width of the electrojet, and how

does the vertical current density profile vary over

this width?

7. What is the cause of the longitudinal variation of the

equatorial electrojet?

8. What correlations exist between observed electron den-

sity phenomena,such as equatorial sporadic E and the

equatorial electrojet?

9. What are the structure, cause, and effects of ionospheric

currents in the auroral regions?

In these two series of flights (from India and off the coast

of Peru), answers were sought to questions i, 3, 4, and 5, in the

equatorial regions. Information pertaining to questions 2, 6, 7, and

8, was obtained in somecases.
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CHAPTERIII

EXPERIMENTALDESIGN

A. General

The UNH rocket magnetometer payload consists of the two

main experiments, the proton magnetometer and the Lan_uir probe,

and three supporting experiments, a barometric pressure switch

and a radiation chamber densitometer (measuring air pressure) for

trajectory determination, and a magnetic aspect sensor for rocket

aspect information. The payload design and construction were a

team effort of the University of New Hampshire Physics Department.

A. B. White and S. B. Marshall, III, were responsible for much of

the design, although they drew on earlier work done at UNH and

elsewhere. Complete responsibility for the success of the ex-

perimental flights was borne by the author under the direction of

L. J. Cahill, Jr., principal investigator, NASA Grant NsG-33-60

and Contract NAS 5-3043. A block diagram of the payload is found

in Figure 3.

The signal from the magnetometer sensor is amplified and

fed directly to the mixer for telemetering to the ground. The

magnetic aspect sensor modulates a 22-kc subcarrier oscillator

(SCO), while the densitometer information modulates a 40-kc SCO.

The baroswitch is also used to switch the Langmuir probe ampli-

fiers from a calibration resistor to the probe. The Langmuir in-

formation is put on a 70-kc SCO channel. The signals are combined

in the mixer, amplified and fed into the transmitter. Information is

L
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radioed back to ground through the circularly-polarized quadrupole

antennas at the base of the payload.

In designing the physical layout of the payload (Figure 4),

the prime consideration was to minimize the magnetic field from

the payload at the magnetometersensor location. A payload field

less than 2y was achieved. Each unit also had to function after

large shocks and vibrations from the firing of the rockets. The

magnetometersensor was placed as far as possible up into the nose

cone to separate it from the electronics. A fiberglass deck

structure and housing were used, since any conductive loops around

the magnetometercoil would destroy the signal. Each experiment

was mounted on one or two decks which could be plugged, as separate

units, into the raceway containing the interconnecting wiring har-

ness (Figure 5). Interchangeability of decks between payloads was

desired for convenience in field operations.

B. The Proton Magnetometer

i. Theory

The proton precession magnetometer of Packard and Varian

(1953), and Waters (1955), (also Waters and Francis, 1958) is

easily adaptable to rocket measurements. The sensor unit is simple

and rugged, and the instrument requires no in-flight calibration,

since the measurement is dependent upon nuclear constants.

If a sample of liquid, rich in hydrogen nuclei, is sub-

jected to an external polarizing magnetic field several orders of

magnitude larger than the earth's magnetic field, the spin axes of

the protons in the sample will be aligned along the polarizing
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field. Then, if the polarizing field is suddenly reduced to zero,

the protons will commence to realign with the earth's field, and

while so doing will freely precess about the earth's field. A

small AC voltage at the precession frequency will be induced in

any coil of wire around the sample.

The earth's magnetic field is related to the precession

frequency by the Larmor relationship

2_f

P
B =-- (8)

Yp

where fp is the precession frequency, and yp

(2.67513±.0002 x 104 radians/sec, gauss), the gyromagnetic ratio

of the nucleus (Driscoll and Bender, 1958). Since yp is known to

within two parts in 105 , measurement of the precession frequency

may limit the absolute accuracy of the measurement.

The same coil can be used for signal pickup and for es-

tablishing the polarizing field. A 700-turn coil, with several

amperes polarizing current, produces a precessing signal of a few

microvolts. The output voltage can be expressed by

V = 4_ K N A X B o yp Be • sin2e • e-t/T2 sin(ypBet )

(Cahill and Van Allen, 1956), where

K = goemetric factor

N = number of turns

A = cross sections of sample

X = paramagnetic susceptibility of the protons

Bo = polarizing field

yp = geomagnetic ratio of the proton

(9)

10 -8 volts
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Be = earth's field

0 = angle between coil axis and earth's field

T2 = transverse relaxation time

t = time in seconds

Note that the amplitude of the signal falls off as sin20;

hence, if the coil is aligned with the earth's field, there will

be no signal. Also, the phase coherence of the precessing nuclei

will decrease in time resulting in an exponential decay of the

signal. The polarize cycle must be longer than the relaxation

time to allow the protons to approach complete alignment with the

polarizing field. In order to obtain a good signal, the polariza-

tion field must be removed in a time that is short compared to the

period of one cycle of the precession frequency. In addition

there should be no magnetic field gradients across the sample,

since the resulting difference in precession frequency will destroy

the coherence of the signal. A precession frequency of approximate-

ly 2000 cps is obtained in a 0.5 gauss (50,000 y) field.

The accuracy to which the gyromagnetic ratio of the proton

is known allows absolute measurementto within one gamma. Better

relative accuracy can be obtained, depending only on precision of

frequency measurement. Noise in the signal has been the limiting

factor in frequency measurementwith the miniature rocket

magnetometer.

2. Design and Operation

A proton magnetometer designed for operation in rockets

must meet the following requirements:
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i. It must be able to withstand severe shock

and vibration.

2. The low level (microvolt) of the precession

signal demands considerable amplification to

attain a volt-level signal for telemetry.

The signal-to-noise ratio must be kept above

two to one for precise frequency measurements.

3. The sensor magnetometer, electronics and the

remainder of the payload must be free from

magnetic materials which would create a field

at the sensor.

4. Measurements must be made as frequently as

possible without sacrificing the precision of

frequency determination, since the rocket is

traveling more than i km/sec during portions

of the flight.

The specific magnetometer design to be described is prin-

cipally the work of W. B. Dickinson. The design was based on the

earlier work of Cahill (1956), Waters (1958) and Packard and

Varian (1954). Dickinson's design was modified and improved as

indicated by performance in early rocket flights.

Figure 6 depicts the block diagram of the magnetometer

used on the University of New Hampshire flights. The programmer

controls the relays, which alternately connect the amplifier or

the polarizing supply to the sensor coil. During the polarizing

period (about 0.7 sec), the polarizing batteries send a current

of 4 amperes through the coil. The polarizing current is then
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turned off, and the coil is connected during the read period of

0.7 second, to the high gain preamplifier. The signal from the

coil is amplified to the i0 milli-volt level. In the tuned main

amplifier the signal is amplified to 4 volts for mixing with the

SCOsignals and direct modulation of the FMtransmitter.

a) Sensor Coil

The sensor coil (Figure 7) consists of ten layers,

70 turns each layer, of #16 wire, wound on a fiberglass tube and

held in place by phenolic discs. A polyethylene sample bottle fits

tightly inside the coil form. Kerosene, which has a relaxation

time of about 0.7 second, is used as the sample. Water could be

used, but it has a two-second relaxation time, making the repeti-

tion rate of the measurements too slow.

An electrostatic shield (Figure 8) completely encloses the

coil to reduce noise pickup. This shield is made from copper-

plated fiberglass board by etching away narrow strips of copper.

Care must be taken to make sure that there are no complete con-

ductive loops around the coil, as these will destroy the signal.

The unit is then encased in foam and an outer protective cover.

b) Preamplifier Assembly

The electronics for the magnetometer is divided

into two packages, one containing the preamplifier, programmer,

and associated relays (Figure 9), and the other containing the

tuned main amplifier.

The programmer is a standard astable multivibrator with

the RC combinations, CIR 2 and C2R3, adjusted so that the circuit
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will remain in each state about 0.7 second. The output from the

collector of TR2 triggers a switch (TR3) which controls the relays.

Relay RYI switches the polarizing power to the coil and

controls the operation of RY2. RY2 is used in switching the am-

plifier to the coil and also to supply a 220 _ resistor across

the input to the amplifier during the polarize cycle, when the

coil is disconnected, to prevent oscillation. Relay RY2 is a

G.E. 352791G200A5Relay. RYI, a Sigma 33RJ490FGSIL,was chosen

for its low contact resistance, hence its ability to handle very

small signals along with its high current rating (2 amps). Since

it produces a strong magnetic field, it was necessary to enclose

it in a MU-metal shield. A relay meeting all requirements and

rated at a higher current was desirable, but it was not available.

The capacitor across RY2 delays the operation of RY2 for about

20 milliseconds to allow suppression of transients from the

switching. Contacts of RY2 are arranged to cancel transients

resulting from contact potentials in the relay.

To dissipate the inductive switching transient from the

coil, a clipping network is employed across the coil. The diode

CR4, back-biased during the polarization, conducts the energy

from the transient into C4, which in turn dissipates it in R5.

The preamplifier is a very low-noise tuned amplifier with

a gain of about 3000. Becauseof the very low level signal,

RCA2N220, low-noise germaniumtransistors were used in all three

stages to keep noise generation in the amplifier itself at a

minimum.

The first stage is a commonemitter, transformer-coupled,
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tuned amplifier. The Triad TY55X (T-l) transformer is used to

match the impedanceof the coil to the input impedanceof TR-I.

Resistor RI6 serves to bias the emitter and to limit the col-

lector-to-emitter current to the RCArecommendedvalue of 400 _a

for lowest noise operation. Tuning is accomplished through series

resonance of the secondary of T-I and the base emitter junction

capacity of TR-I. This is aided by C12 and RI4. Resistor RI4

adjusts the bandwidth, while C12 shifts the frequency. For wide

changes in frequency it is necessary to adjust R8 and R9, thus

changing the biasing and therefore the junction capacity. In

practice it was found best to leave out RI4 and C12 during con-

struction and to use substitution boxes to tune roughly to the

desired frequency and bandwidth. Typical values for RI4 and C12

are 180 _ and 0.5 _f.

Transformer T2 is used to couple the high output im-

pedance of TR-I to the low input impedanceof TR-2. The second

stage is a grounded emitter, untuned, voltage amplifier. Capacitor

C15 further shapes the passband and helps the signal-to-noise ratio

by limiting the high frequency response of the amplifier. This

also served to limit interference from the transmitter power con-

vertor which operated at about 3200 cps.

The third stage is an emitter follower to provide low

output impedanceand isolation of the other stages from loading

effects.

Resistor RI0 and Capacitors C8 and C4 stabilize the supply

voltage to each transistor and decouple any signal voltages appear-
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ing on the supply line that could cause feedback and oscillation.

Bias for the circuit is -12v.

Printed-circuit construction was used for the circuitry,

and the board was encased in foam for shock and vibration pro-

tection. A copper box covered the foamed circuit and served as

an _F shield.

Wave traps were used on all signal leads entering and

leaving the box to reduce RF interference. They were made from

a ceramic lO-_f capacitor with three turns of wire wrapped

around (in parallel with) the capacitor. The traps were tuned

to the transmitter frequency by changing the spacing between turns.

The high gain tuned amplifier was subject to oscillation when mod-

ulating the FM transmitter. The feedback apparently was through

leakage of the RF signal into the circuit boxes and demodulation

there. It is recommended for future flights that these traps be

in all leads, power leads as well as signal leads, entering the

copper box. Oscillation can also occur if the sensor coil is im-

properly connected to the first stage of the amplifier.

c) Main Tuned Amplifier

Figure i0 shows the schematic for the main am-

plifier. The four-stage amplifier was designed to amplify the

output of the preamp to the 4-volt level necessary to feed into

the telemetry system and to further reduce noise on the signal.

Resistor R 1 controls the overall gain of the system and is used to

adjust the output to the desired level for feeding into the tele-

metry system. Capacitor C2 is used to limit further the high
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frequency response of the circuit.

The first stage (TRI) is a common emitter voltage amplifier.

The output is capacitive-coupled into the second stage. The second

stage is identical with the first stage with the exception of R8.

This stage is meant to be driven into saturation and cut-off to clip

the signal. R8 is used to adjust the peak voltage value of satura-

tion and cut-off. R 6 and R7 are adjusted to obtain symmetrical

clipping. RCA 2N217 germanium transistors are used throughout.

Variations in amplitude of the output signal are effectively

removed by clipping. Preservation of the amplitude of the signal is

not necessary, since all the information is contained in the fre-

quency. (The output at the collector of TR 2 should be a square wave

of amplitude 2 volts, peak to peak). The clipping lessens the effect

of noise in the signal and thus effectively lengthens the useful por-

tion of the exponentially decaying signal. Clipping continues until

the precession signal has decayed below the level set by R8, and the

output will be of constant amplitude until this time.

The output of the second stage is directly coupled into TR3,

which is used in an emitter follower configuration for isolation and

impedance matching into the band-pass filter. The band-pass filter,

designed from equations given by Terman (1943), serves to select the

fundamental frequency from the square wave and to further remove

noise of frequencies outside the band-pass region. The center fre-

quency can best be adjusted by varying C7 and C9, while the band

width is set by RI2. In practice each adjustment will slightly

affect the other. The inductors used are high Q, toroidal coil_,

manufactured by Collins Radio Company.
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The final stage is an emitter follower used to provide a low

output impedanceand to match to the output impedanceof the band-pass

filter. The signal is capacitor-coupled to the telemetry system.

The samepower supply is used for the main amplifier as was used for

the preamplifier. Large tantalum capacitors keep the supply im-

pedance low and prevent feedback between stages and between the am-

plifiers. The amplifier was constructed on a printed circuit board

and encased in foam inside a copper box (Figure ii). As in the pre-

amplifier wave traps were employedon the signal leads to reduce RF

interference.

3. Tunin_ and Associated Problems

These payloads have been flown at several different sites

around the world. At each place the field is different, so the mag-

netometer must be tuned to the magnetic field at the launching site.

The bandwidth must be wide enough to accommodate the expected field

variations during flight. The UNHmagnetometers have been tuned with

a bandwidth of 400 cycles, and with the center of the band set to

give optimum performance near the 100-km point of the flight, the

region where currents are most probable.

Tuning must be done in two stages.

be tuned and then retuned when combined.

The individual units must

The preamplifier is tuned

by inducing a variable-frequency oscillator signal in the pickup

coil with one turn of wire, while the coil is in a permalloy shield

(to prevent 60-cycle pickup and other noise). Care must be taken to

keep the input signal below 50 Ba, so as not to overdrive the am-

plifier. For an overall bandwidth of 400 cycles, the preamplifier

is adjusted to obtain a bandwidth of 600 to 700 cycles. For initial

I
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tuning of the main amplifier, a 10-mv audio-oscillator signal is

introduced at the input, and the filter is adjusted as previously

described to obtain the desired 400-cycle bandwidth. The units are

then connected together, with the oscillator signal feeding into the

coil, for a sys_e,i, bana_id_h check. Minor adjustments may have to

be made to the main amplifier filter for the desired band-pass shape.

For signals in the center of the band-pass, 4 to 5 volts output is

obtainable with a precession signal-to-noise ratio of three or four

to one.

As was noted in the theory of operation, gradients in the

field over the dimensions of the sensor will destroy the signal.

One can always check the output to be sure that it is a precession

signal by holding a steel wrench next to the sensor, thus destroying

the signal. For shipboard launchings the large field gradients

caused by the steel hull prevent observation of the magnetometer

signal until the rocket has left the launcher.

Since the majority of testing is done in Durham, some means

must be created to set up a magnetic field the same as that to be en-

countered in flight. Included in the University's Mmgnetic Field

Observatory is a Fanselau coil system for establishing any desired

field in the range between zero and one gauss to an accuracy of one

gamma. A less elaborate, but effective system was used to test the

instruments in the field. It consists of five coils (turns ratio

19-4-9-4-19) equally spaced on a cubical coil form (Rubens, 1945).

If the axis of the coils is aligned with the main component of the

field, the field can be canceled or strengthened to any desired

level. A four-foot diameter cube is of sufficient size.



C. Langmuir Probe

i. Theory

In the early 1920's Langmuir and his colleagues developed

the theory of probes protruding into a plasma (Langmuir and Mott-

Smith, 1924; Mott-Smith and LanKmuir, 1926). Recently, Langmuir.

probes have been used to investigate electron density in the iono-

_here (see, for example, Smith, 1963a)

In the treatment of the probe, negative and positive ions

are neglected, as their contribution to the probe current is neg-

ligible. The random current density to the probe, for a single

probe in a plasma, may be expressed by

Je = Ne <_)

where N e is the electron density

e is the electronic charge

and Ve is the mean electron velocity

(10)

If we assume a Maxwell distribution (and thus, thermal equilibrium)

for the electrons,

\me/

where

Te is the electron temperature

m e is the electron mass

k is the Boltzman constant

(ii)

I
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When the probe is negative with respect to the plasma, only

electrons with energies greater than the retarding potential will

strike the probe. The current may be expressed by

J = Je exp eI-_Te) (12)

where V is the retarding potential.

Note that in this case the current is independent of the electrode

configuration, and the slope of the current voltage characteristic

is proportional to the electron temperature.

For accelerating potentials the size and shape of the elec-

trodes becomes important. The two limiting cases are a plane where

J = Je (13)

and a small sphere where

For all other geometries the currents fall between these two limits.

For any given configuration the current is proportional to the elec-

tron density, if we neglect changes in electron temperature.

In an actual experiment it is easier to use two probes and

measure the current voltage characteristic of the pair. If the area

ratio of the two probes is large, the smaller of the probes can be

treated as a single probe, and the larger serves to establish a con-

stant reference potential. To obtain a large area ratio in rocket

i_vestigations of the ionosphere, a small tip probe is used for the
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small electrode, and the rocket motor housing constitutes the large

electrode.

Since knowledge of the fine structure of the electron den-

sity was desired for correlation with the magnetic field measure-

ments, the probe was kept in the DCmodeas muchas possible. The

use of a constant DC potential on the probe is difficult to justify

theoretically, but it is simple to achieve experimentally. The re-

suits agree with those obtained by other methods _, 1963a).

2. Design

The area of prime interest for comparison of electron density

and electric current measurements (by magnetometer) was the E region

of the ionosphere. In order to accommodate the expected changes of

electron density in this region, two linear scales were used, cover-

ing two orders of magnitude instead of the usual logarithmic ampli-

fier. The probe amplifier was switched periodically between the two

ranges. Since the rocket travels at speeds greater than i km/sec in

the lower E region, it was necessary to switch rapidly between scales

to avoid losing data. A repatition rate of five cycles per second

was chosen - one-tenth of a second for each scale. Since continuous

measurements were desired, the amplifiers were DC-coupled and had to

be as free as possible from changes in the zero level of the DC out-

put, It was also necessary to find a means of switching that would

not change the level of the DC signal. Overall requirements of a

magnetically clean payload also had to be met.

Design, construction, and testing of the Langmuir probe

were done by the author. Reference to the work of Dr. L. G. Smith

(private communication) was most helpful. Electronic circuits

q

m
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used in amplific ,tlon and switching are an original contribution of

the author in this application.

Figure 12 silo,s a block diagram of the Langmuir probe elec-

tronics. The muti-vibrator controls the amplifiers which feed into

a common output. The signals are fed to the amplifiers from the sen-

sor. The multi-vibrator output is scaled by a factor of eight to

drive a one-shot multi-vibrator. This in turn triggers a ramp

generator which applies a ramp voltage to the probe, sweeping from

-3 volts to a DC level of 2.7 volts. This ramp allows measurement

of the electron temperature. When the probe is negative to the

plasma, the electron temperature is inversely proportional to the

slope of the current voltage characteristic of the probe (equation

(12)).

a) Amplifiers

The circuit diagram for the ampflier deck is

shown in Figure ii. The amplifiers are DC-coupled, differential am-

plifiers, similar to the one described in Transistor Circuit Design,

by the staff of Texas Instruments. This amplifier was chosen for its

high input impedance (250 k_), along with reasonable gain (I00 to 150).

An input of 20 to 30 millivolts from sensing resistor provides full-

scale modulation of the subcarrier. Tests on the amplifier indicate

DC drift to be less than 200 microvolts (_v), equivalent input voltage,

and temperature stability better than 75 _v/° C equivalent input

voltage.

The first stage on each side of the balanced amplifier con-

fig_.ration is an e_itter follower to give high input impedance. The

second stages are common emitter amplifiers fed by a current source
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in the emitter for stability.

emitters is used for balancing.

The i0_ potentiometer connecting the

The output is taken between the two

collectors o7 the second stages. Silicon transistors, 2N338, are

used throughout. It w;_snoticed that General Electric 2N338con-

sistently had higher gain and lower leakage, resulting in more am-

plifier gain and a higher input impedance. For stability in this

amplifier, it is necessary to keep both sides of the amplifier as

nearly as possible in balance. The transistors and resistors should

be in matched pairs. The one-kilohm (k_) resistors on the side of

the amplifier tied to the ground must be adjusted to match the

sensing resistor used for the input to the other side. Since the

two amplifiers are tied together in parallel, the collector resis-

tors in the second stages are twice the optimum value for the circuit.

b) Switching

Switching between the amplifiers is accomplished

by using the multivibrator to switch on and off the bias to the cur-

rent generators in the amplifiers. The multivibrator is a standard

astable circuit similar to that used in the programmer of the mag-

netometer. Each side of the multivibrator drives an emitter follower,

used as a current switch to apply the bias to the amplifiers. This

type of switching results in no DC level change, since the amplifier

is completely off when not in use.

c) Ramp Generation

Figure 14 shows Deck 2 of the Langmuir probe elec-

tronics containingthe circuitry for generation of the ramp and the

sensing resistors. The output from the multivibrator is channeled
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into the scalers where it is scaled by a factor of eight. The

scalers are bistable multivibrators in which diode steering insures

that the incoming puloe will go to t,_e proper transistor for switch-

ing to occur The scaled output triggers a one-shot multivibrator.

The signal is then f_ through an emitter follower into the ramp

generator. This circuit depends on the slope of an exponential

charging characteristic being nearly linear over a short range.

The resulting ramp is inverted in the last stage and applied to the

probe. The 5-k_ potentiometer serves to adjust the amplitude of the

ramp.

d) Sensor

The expected probe current and the V_itage desired

at the input of the amplifiers determine the sensing resistors. The

maximum probe current during the flight in the E region is about 30

microamperes (_a). The two ranges were set for 0 to 5 _a and for 0

to 50 _a. The maximum voltage drop across the sensing resistor in

each case must be enough to cause the amplifier to modulate the sub-

carrier fully. A 10-k_ resistor with 5-_a current will establish a

50-mv signal for the amplifier. Note that this is well below the

25_k_ input impedance of the amplifier, so no appreciable loading

will occur. The sensing resistors are Corning type C, 2% glass

resistors.

e) Probe

A detailed view of the Langmuir probe at the top

of the payload is shown in Figure 15. The nose cone for the payload

was necessarily made of fiberglass. To obtain a well-defined geometry

h
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and a large electric area ratio, it was decided to place (adjacent

to the nose tip electrode) a stainless steel ring, electrically com-

nected with the payload base and rocket motor. The steel ring was

separated by one inch of Teflon from the tip probe. A coaxial cable

was used to bring the electrodes to the electronics package in the

payload.

f) In-Flight Calibration

Since the DC amplifier is inherently subject to

drift, it was desired to provide a means of in-flight calibration.

It was also useful as a check of the densitometer altimeter to pro-

vide a determination of the time the rocket passed a given altitude

on the upward and downward legs of the flights. Both objectives

were accomplished with the use of a barometric pressure switch set

at 70,000 feet. The baroswitch used was a College Hill Industries

Model 6617A, modified by the factory to make it magnetically clean.

A 499-k_, 1% Corning type N resistor was placed between the probe

and the rocket ground, and it was removed from the circuit at 70,000

feet by the baroswitch operation. This allowed a check of the pre-

flight calibration on both the upward and downward legs.

D. Associated Experiments

An ionization chamber densitometer was employed to provide

an alternate means of trajectory determination through pressure

altitude measurement. NRC type 8717 Alphatron digital transducer

was modified to obtain higher pulse rate and therefore, better ac-

curacy when the pressure is changing rapidly (Figure 5). The in-

strument consists of an ionization chamber, containing a
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radioactive source and an electrometer, in a blocking oscillator

circuit. At io_ pressures the number of molecules ionized in the

chamber is s_ali, resulting in a small electrometer current and a

small pulse rate. At hill;her pressures the pulse rate increases as

more current is detected by the electrometer tube.

Figure 16 shows the modified circuit. LI and RI were in-

serted to change the pulse frequency. The voltage on the chamber

was also lowered to 30 volts. Other modifications were found to

have a greater effect on the frequency; however, they resulted in

circuit instabilities. The values used for L l and R1 varied with

each unit, as the circuit wasvery sensitive to the gain of the

electrometer and the B of the transistor. R4, Cland C 2 were used

to shape the output puls._s for the subcarrier oscillator. Wave

traps (described in the magnetometer section) were used to reduce

RF interference.

The baroswitch, discussed in C, (f), also provided pressure

altitude at two points of the trajectory. Also included in the

payload was a magnetic aspect sensor (Heliflux magnetic aspect

sensor type RAM-5C, made by the Schonstedt Instrument Company). The

unit is designed to monitor one component of the field - along the

axis of the sensor. The sensor was mounted with its axis perpen-

dicular to the spin axis of the rocket, hence also perpendicular to

the axis of the polarizing field. Thus, the axial magnetic field

generated in the magnetometer coil would not affect the transverse

component measurement of the aspect sensor. Figure 17 shows the

aspect deck with the sensor on the right, the aspect sensor elec-

tronics on the left, and the baroswitch at the bottom. The output
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of the sensor is a sine wave at the spin frequency of the rocket.

Precession of tl_e _ocket is measured by noting the changes in am-

plitude o- the sine wave as the spin axis changes its angle with

the earLi_'s field.

E. TelemeCry

An FM-FM telemetry system was employed to send the informa-

tion back to the ground. Information from the Langmuir probe, aspect

sensor, and densitometer modulated three voltage-controlled oscil-

lators (Dorsett Model 018D-3). These were equipped with non-magnetic

aluminum cases.

The output of the subcarriers and the magnetometer signal

are combined in the mixer (Figure 18). As the Langmuir probe refer-

ence potential is not at the rocket common ground potential, the

70-kc SCO circuit is floating and operates from a separate battery.

Transformer coupling is necessary at the mixer. The 70-kc signal is

then fed through a common base amplifier before mixing with the other

signals. The 50-K _ potentiometer provides additional adjustment of

the magnetometer signal. The 47-K _ resistors in the input of the

SCO's are necessary to provide the proper loading impedance for the

oscillators. The resulting composite signal is amplified in a com-

mon emitter circuit and passed through an emitter follower stage to

lower the output impedance. Composite signal level is adjusted by

the 10-K _ potentiometer.

The transmitter used was a Bendix TXV 13. The composite

signal was introduced into a compensated phase modulation input.

This provided a reasonably fIatmodulation vs. frequency
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characteristic. Lower frequencies required slightly more input level

than did higher frequencies for the sameoutput level. Plate voltage

for the transmitter tubes was supplied by a Sun-Air power supply. A

Zener diode was placed across the output of the supply to regulate

the voltage and prevent transient voltages from damaging the trans-

mitter. The transmitter and power converter were mounted in the base

antenna section, while the SCO's and the mixer were above on a

separate deck. (Figure 2).

F. Power

Since not all payload circuits were at a common ground poten-

tial, it was desirable to use separate sources of power. Silver cells

(Yardney HR-3NM) supplied the power for polarizing the magnetometer

coil and for the power converter supplying the transmitter. Mercury

cells mounted in a separate pack on the SCO deck supplied power to

the Langmuir electronics. One battery deck consisted of mercury

cells for the magnetometer electronics supp]y, an alkaline 28-volt

pack for the SCO supply, mixer and aspect sansor, and a separate 30-

volt battery for the 70-kc (Langmuir) SCO. Densitometer batteries

were in a separate pack in the densitometer enclosure.

For safety reasons it was required that no payload power be

on while the assembled rocket was being mounted on the launcher. It

was necessary, therefore, to have a means of holding power off until

flight. Magnetic latching relays were not desirable, due to large

stray magnetic field. However, it was possible to effect an elec-

trical latch by using one of the set of contacts on the power con-

trol relay. Figure 19 shows a schematic of the main battery deck.
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The hold current was supplied by Yardney, HR-INM, silver cells on

the silver cell deck. A turn-on pulse to the T-relays causes the

hold current go be applied to all the relays except the X-relays

which turn on payload power. A turn-off pulse to the X-relays

causes the hold current to be broken, and the power to the payload

to be turned off. All the relays are GE 3S2791G200A5 "postage-

stamp" relays. They have a very low external field in the "on" state

and were placed back-to-back for cancellation of any magnetic dipole

moment. Throughout the power control circuits two relays were used

in parallel to prevent accidental dropout during flight.

G. Testin_

Testing the payload was divided into three main phases:

i. Magnetic field tests.

2. Shock and vibration tests.

3. Individual unit and complete payload tests.

Although operation under extreme temperature conditions was

not a prime design consideration in the instruments, due to the short

time of flight (about six and a half minutes), thermal tests were

made on all the units, and temperature effects were minimized where

possible.

I. Magnetic Field Tests

In order that fields from the vehicle would not distort the

ambient field to be measured, magnetic fields due to the payload were

kept small. Tests of each payload deck were made in the University

of New Hampshire magnetic test facility. Zero field was first estab-

lished (to within I y). The instrument was then passed under a
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netometer were recorded (Figure 20) on an oscillograph. At the

distance of closest approach of the instrument to the magnetometer,

the vector field of the tested instrument can be determined. For

example, the record in Figure 20 is interpreted as an indication of

a five-gamma field due to a permanentdipole momentoriented along

the X-axis of the instrument. It was found that even the Subminax

coaxial cable supplied as antenna harness produced a stray field

(due to its steel center conductor) and it was replaced with a copper-

conductor coaxial cable. A final check of the completed payload was

madeafter "degaussing." Payload fields were kept to less than 2 gammas.

2. Shock and Vibration Tests

The instruments must withstand 15 to 20 G vibration, and over

50 G shocks. Initial tests were made by dropping the payload onto a

pad; the acceleration was measured by a miniature accelerometer

mounted on the payload. This was not convenient for routine tests of

subassemblies. An effective rough check is to slam the deck down on

a lab bench several times; if it does not function after this test,

then a more sturdy mounting is needed. Vibration tests of a complete

payload were accomplished on a shake table.

3. Individual Unit and Complete Payload Performance Checks

Each unit was individually tested and calibrated for per-

formance of its proper function. It was also necessary to test each

unit assembled in the payload with the other instruments running.

Interference problems, especially RF interference in the magnetometer

and the densitometer, were effectively reduced by the copper boxes
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and the wave traps.

A complete check of all instrumentation through telemetry

was done before each payload was packed for shipment to the launch

area. At the launch area further tests through the telemetry were

madebefore final assembly. At the time of final assembly screws

and nuts were cemented in place, and "RTV" compoundwas applied to

all wiring harnesses for strain distribution. One short final check

of payload operation was madewhile the rocket was horizontal on the

launcher. From the time of final assembly to launch, the battery

voltages were monitored through the umbilical cord at the test box.

This box was also used to turn power off and on in the rocket.
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CHAPTERIV

EXPERIMENTALPROCEDURE

A. Flight Locations

i. India

Four rockets were launched from the Thumba Equatorial Rocket

Launching Site near Trivandrum, Kerala State, India (8.52 ° N lat.;

76.87 ° E long.). Measurements by Pisharoty and Srinivasan (1962),

indicate that the center of the electrojet passes through the point,

8.70 ° N fat. and 77 ° E long., about 0.2 ° north of the launch site.

The magnetic dip equator crosses southern India from the southwest

to the northeast (Figure 21). All four rockets were fired at a

corrected elevation (for wind) of 80 ° and a corrected azimuth of

270 ° . The approximate range of these flights was 75 nautical miles.

Thus, the downward leg of each flight was closer than the upward leg

to the center of the electrojet.

Two flights were launched close to the peak intensity of the

electrojet: UNH 64-1 (NASA 14.79 UE, INCOSPAR 20.01) on 25 January,

1964, at ii00 hours Indian Standard Time; and UNH 64-2 (NASA 14.80

UE, INCOSPAR 20.02) on 27 January, 1964, at i000 hours. UNH 64-3

(NASA 14.81 UE, INCOSPAR 20.03) was launched in the afternoon at

1530 hours on 29 January, 1964, into slightly disturbed magnetic

conditions (second 28-day recurrence of the December 2, 1963, storm).

UNH 64-4 (NASA 14.82 UE, INCOSPAR 20.04) was launched in the evening,

at 1900 hours on 31 January, 1964, to investigate the existence of

nighttime currents.
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Figures 22 through 25 are copies of preliminary magneto-

grams from the Trivandrum, India, Magnetic Observatory for the four

launch dates (Subra_anian, 1964). The launch times are noted on

the magnetogra_s.

January 27 was one of fir selected quiet days for the month.

January 29 was active from the recurrence of the storm; January 31

was also active during the day, but it quieted down at the time of

flight. _ indices for the flight days were: 16 on the 25th; 4 on

the 27th; 21 on the 29th; and 26 on the 31st.

2. Peru

Two of the Peru flights were launched from north of the

geomagnetic equator. Flight UNH 65-2 (NASA 14.85 UE) was launched

due west at 1136 hours local time on March 9, 1965, from 3° 07' S

latitude and 84 ° 22' W longitude. This was more than 8° north of

the magnetic dip equator, hence well to the north of the equatorial

electrojet (extending 3° north and south of the dip equator (Forbush

and Casaverde, 1961). Flight UNH 65-3 (NASA 14.83 UE) was launched

due west at Ii00 hours on MArch i0, 1965, from 6° 30' S latitude and

84 ° 32' W longitude. This still was more th_ four and one-half

degrees north of the dip equator.

Two more flights were launched on March 12, 1965, from

nearly the same point, close to the magnetic dip equator. UNH 65-4

(NASA 14.07 UE) left the ship at 0830 hours, from a position Ii ° 23'

S latitude and 81° 25' W longitude. This was at a time of maximum

negative effect of the lunar current system for that day. UNH 65-5

(NASA 14.84 D-E) was launched at ii00 hours from ii° 25' S latitude
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shownin Figure 26.

41

The locations of the four Peru flights are

The period from March 9, through March 12, was magnetically

very quiet; magnetogramsfrom the Peruvian stations of Huanuco

(9.9 ° S; 76.3° W), Casma(9.5° S; 78.3° W), and Canete (13.1 ° S;

76.4° W) for this period are shown in Figures 27 through 30 (courtesy

of S. E. Forbush, Dept. of Terr. Mag., Carnegie Inst.). Somedis-

turbance is noted between 0730 and 0900 on March 12. Launch times

are noted on the respective magnetograms. Canete is located closest

to the magnetic dip equator. March i0 and ii were two of the five

quiet days for March, and March 9 was included in the ten quiet days

for the month. _ indices for the period are: March 9 - 4; March i0 -

2; March II - 4; and March 12 - 4.

B. Data Handling

I. Trajectory

Since radar was not available for some of the flight, a baro-

metric pressure switch and a densitometer were included to determine

the trajectory. The baroswitch gives the two times when the vehicle

crosses 70,000 feet. The densitometer output is a series of pulses,

the frequency of which is proportional to the barometric pressure;

hence, the portion of the trajectory in the atmosphere is obtainable,

assuming a standard atmosphere _. S. Standard Atmosphere, 1962).

A computer program was developed to calculate a variable g

(g = acceleration due to gravity) free fall trajectory, given the

time of apogee and a particular time and altitude (see Appendix A).

To correct for drag from the atmosphere, 0.5 second was subtracted
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from the baroswitch times _, 1963b). The program computes the

time for a given altitude. To obtain altitudes corresponding to the

times of the various measureme__, a straight time interpolation was

done on the computer (the progrsm is given in Appendix C). A com-

parleon of radar data, baroswltch times, densitometer data, and the

trajectory calculated from the baroswitch times is given for two of

the Peru flights in Appendix B.

2. Magnetometer

Recorded along with the video output of the tracking re-

ceivers was a 100-kc standard signal. This was necessary for use

with the magnetometer data as a reference standard for the frequency

counter in the data reduction equipment (Figure 31). Since switch-

ing transients occur at the beginning of each magnetometer signal,

the first few cycles of the signal were discarded. This was done

with the aid of the "dual Preset" counter. The Muirhead frequency

analyzer served as a very narrow band filter to select the precession

signal from the complex video output and to reduce noise. A pass-

band Q value of 150 is obtainable.

The frequency of each magnetometer signal was measured ten

times, and the average of these was taken to obtain the measured mag-

netic field. A theoretical field was then subtracted from the

measured field to separate effects from the currents from the normal

variation of the magnetic field with altitude. Error bars were set

by adding ±i y to the average deviation of the ten measurements of

each signal. The current density was found by taking the slope of

the graph of the difference field (the field resulting from the
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currents) versus altitude. On the Peru flights, where the field was

not well enough known to removeall of the normal altitude variations,

the remaining slope was subtracted to get the actual current density.

For the Peru flights the theoretical field was calculated

every five kilometers over the trajectory (private communication

from Dr. Gilbert Mead, GSFC), and a computer was used to interpolate

for the value corresponding to each magnetometermeasurement. (The

program given in Appendix C.)

3. Langmuir Probe

Data from the subcarriers were removed from the complex video

output, using subcarrier discriminators, the output of which, along

with the time code from the flight tape, was recorded on a hlgh-speed

oscillograph. The data from the Langmuir probe were recorded separate-

ly along with the time code. The amplitude of the signal was found

and converted to probe current, using a preflight calibration. On

the Peru flights the baroswitch was used for an in-flight calibra-

tion. The preflight calibration was linearly adjusted where necessary

to fit the in-fllght calibration check.
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CHAPTER V

• #

EXPERIMENTAL RESULTS

A. Description of India Flight Records

i. UNH 64-4

Uh_ 64-4 reached a peak altitude of 174 km. A reference

magnetic field, calculated from the spherical harmonic analysis of

Finch and Leaton (1957) was subtracted from the measured values of

the field. The resulting difference field (Figure 32) showed no in-

dication of distinct current on either the upward or the downward

leg. If a diffuse layer of current existed between i00 and 170 km,

it was too weak to produce a displacement of the magnetic field by

as much as ten gammas.

The several fluctuations that appear on the flight record

are approximately periodic in time. Their period is nearly the same

as the rocket precession period for this flight - 39 seconds. These

fluctuations may be due to rotation of the residual rocket and pay_

load magnetic field, with respect to the geomagnetic field vector.

The overall non-zero slope of the difference field is interpreted as

an indication that the Finch and Leaton reference field does not

adequately describe the geomagnetic field in this region. On the

assumption that ionospheric currents were negligible, the data from

this flight were smoothed for use as a corrected reference field for

the other three flights.

The Langmuir probe current between 95 and 150 km, proportional

to the electron density, was less than that observed on the morning
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flights, by a factor of 20 or greater, except for the local maximums

at 115 and 122 km on the _=pward leg (Figure 33) and at 122 km on the

downward leg (Figure 34), which were less by a factor of 15. The up-

ward leg also h_ a local maximum between 90 and i00 km. On the

7

downward leg the lover maximum had moved up to between 99 and 108 km.

An inflection point, corresponding to the upward maximum at 115 km,

was observed. The electron density above 125 kmwas less on the

downward leg, and a small maximum appeared at 135 km on this leg.

2. UNH 64-2

Preliminary results from UNH 64-2 indicated a strong west-to-

east current, 55 to 60 km down from apogee (Maynard, Cahill, and

Sastry, 1965). Using UNH 64-4 as the reference, a difference field

was produced for detailed analysis of electric current evidence

(Figure 35). The total field shift between 95 and 140 km was 68 ±4 y.

This would produce a 34 y horizontal field contribution on the ground,

on the assumption of a current layer of infinite extent. The actual

departure of the horizontal component of the field from the nighttime

value is (from Figure 23) 30 y . Only two-thirds of this, 20 y, is

usually attributed to overhead currents, and the remainder to induced

currents below the surface of the earth. The difference between

ground-level contribution as determined by rocket measurements, 34 y,

and that determined from surface measurements, 20 y, should be ex-

plained. The overhead current, at least the electrojet ribbon, is

not infinite in extent. The electrojet width has been estimated as

being greater than 300 km by Cahill (1959), and as 314 km by

Ogbuehi and Onwnmechilli (1964) from 1963 data over Africa. We
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estimate, for a ribbon 300 kmwide, a reduction of magnetic field

from 34 y to 20 y at the earth's surface. The reduced electrojet

field, 20 y, fits the surface H observation. It also may be pos-

sible that induced subsurface currents may be less intense than

elsewhere at taxis location, a boundary between land and sea, so that

more than two-thirds of the 30 y is due to overhead currents.

The slope of the difference curve is proportional to the

current density (Figure 36). The current density plots are subject

to the errors of the difference plots and errors in drawing an aver-

age curve through the data points. These current densities should

betaken as approximations to the actual currents. The main current

layer was found to be centered at 105 km on the upward leg and 109

km on the downwardleg. This discrepancy in altitude maybe due to

systematic errors in trajectory determinations. At 105 km the es-

timated absolute error in trajectory is ±3 km, while relative point-

to-point errors are ±0.i km. The current decreases gradually with

increasing altitude to reach zero between 130 and 140 km. Indica-

tions of a second layer are present, centered about 152 km on the up-

ward leg and 145 km on the downwardleg. The smaller changes which

suggest the second layer maywell be due to time variation in the

main layer. However, the presence of a field change at similar al-

titudes on both the up and downlegs of the flight lends support to

interp=etation of the field changes as due to spatial structure.

Langmuir probe current indicated the normal E region increase

in electron density between 90 and i00 km (Figure 37). On the down-

ward leg a local increase about Ii0 km was observed at the sameal-

titude as the main body of the current on that leg. The peak
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magnitude of _,e current (Figure 36) was correspondingly higher than

on the upward leg. Measurementson the downwardleg above 120 km

showeda scatter greater than the expected error and not obviously

correlated with flight effects or the magnetometer, indicating a

possible fine structure in the electron density of the equatorial E

layer.

3. UNH 64-1

Reaching an apogee of ]63 km, UNH 64-1 showed the peak in

current at 106 km on the upward leg and 109 km on the downward leg

(Figures 38 and 39). The curremt layer on the downward leg was again

more intense and thinner in altitude. Both portions of the flight

record exhibited diffuse current up to about 130 km, while the bottom

of the current layer decreased more abruptly. No attempt was made

to estimate the current above 130 km due to scatter of the data. The

total change in field on the upward leg was 70 ±4 y, accounting for

a 35 y ground-level field contribution, and a 64 ±4 T contribution,

accounting for 32 y on the ground, was seen on the downward leg. This

is to be cQmpared with the Trivandrum magnetogram departure from the

night level of 33 y at the time of flight. Correction for the finite

width of the current layer gives reasonable agreement with ground

measurements. The electron density profile (Figure 40) exhibited the

same scatter above 120 km on the downward leg that was observed on

UNH 64-2. It was also present above 140 km on the upward leg. The

period of rocket spin _as about 0.2 seconds, and the precession period

about 50 seconds for UNH 64-1.
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4. UNH 64-3

The record from I_H 64-3, flown in the afternoon, indicated

two current layers o,_ each leg (Figures 41 and 42). On the down_:ard

leg the lower current was centered at 107 km, and _n upper layer

was apparent at 140 km (corresponding to that of the downward leg on

UNH 64-2). On the upward leg the center of the main current was at

103 km. A broad, diffuse layer appeared to be cantered about 130 km.

The lower current layers were reduced in magnitude by a factor of

about four, from the morning flights, as was the electron density.

The magnitude of the upper layers for Flight UNH 64-3 appears greater

than that of Flight UNH 64-2, although the electron density is lower

by a factor of four.

The upward leg electron density profile (Figure 43) has a

maximum near i05 km and a gradual increase near 130 km, close to the

peaks in current density. The downward leg profile has a maximum

centered about 103 km and a distinct oscillatory variation super-

imposed on a gradual increase between 120 and 140 km. The fluctua-

tions suggest changes of the order of 8 to 10% of the total electron

density and have approximately a constant period of 1.55 seconds.

The spin period for this flight was approximately .3 seconds and the

precession period approximately 67 seconds. These fluctuations are

directly correlated with the magnetometer period. The decrease in

current coincides with the polarize part of the magnetometer period.

Full moon was on January 27, 1964; thus, UNH 64-3 was fired

into the time of maximum negative effect (L current opposed to Sq

current) of the lunar current system (L), (Chapman and Bartels, 1940).
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No negative departure was evident on the ground magnetogram, probably

due somewhat to disturbed magnetic conditions. The currents that

were deduced from rocket observations were all flowing west to east.

B. Description of Peru Fli_ht Records

i. Equatorial Flights

UNH 65-5, flown near the geomagnetic dip equator at ii00 hours,

reached a peak altitude of 173 km. Radar data for the first two min-

utes of flight were extrapolated to find the range and the theoretical

field was calculated over the resulting trajectory, using the co-

efficients of Leaton and Evans. The difference field (Figure 44) starts

to change slope about 93 km, with the steepest slope at 108 km on the

upward leg and ii0 km on the downward leg. The discrepancy is believed

to be due to errors in determining the trajectory. The total change

in the field is about 120 y, in comparison with the 60 to 70 y for

the mid-day India flights. At launch time a 102 y departure of the

field in Ca_ete, Peru, from the nighttime value was noted as a quali-

tative comparison. Twenty minutes earlier, the departure was 91 y

(allowing for the time difference between the launch site and Canete).

The gently sloping tail above 130 km on the downward leg is the result

of inaccuracies in the calculation of the theoretical field, presum-

ably. The wide fluctuations below 85 km on the downward leg were ap-

parently caused by rotation of the magnetometer sensor axis as the

rocket spin axis overturned, since they are correlated with similar

fluctuations in the magnetic aspect record.

Figure 45 depicts the current density derived from the slope

of the difference field. A field of constant slope, 0.35 y/km was
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subtracted from the downward-leg data to remove the normal field

which remained after the calculated theoretical field had been sub-

tracted. The peak current density is twice that observed in India.

The _iffuse tail, observed in India, here extends to 135 km. No

evidence of a second layer was observed.

UNH 65-4, launched at 0830 hours from 1_early the same posi-

tion as UNH 65-5, reache_ a peak altitude of 178 km. Radar data

again was extrapolated for finding the trajectory for the calculation

of the theoretical field. The resulting difference field is shown

in Figure 46. The shape is nearly identical to that of UNH 65-5 with

reduced magnitude, the maximum occurring at 108 km on the upward leg

and ii0 km on the downward leg. Total change in the field was 27 y.

Departure of the field from the nighttime values on the magnetogram

records at Canete was 36 y at the time of launch and 29 y twenty

minutes earlier. The greater scatter of the data points on this flight

was due to noise on the signal.

A constant slope of 0.4 y/km was subtracted from the downward-

leg curve in obtaining the current density plot (Figure 47). The

peak current was reduced by a factor of five from that observed by

UNH 65-5. On this flight the diffuse tail was visible only out to

125 km, due to the reduced magnitude of the layer. No evidence of a

second layer or of any reverse currents was observed. The flight

was at the time of maximum negative effect of the lunar current

system (Chapman an__ddBartels, 1940).

Figures 48-51 show the Langmuir probe current as a function

o:_ altitude for the two flights. On none of the graphs is there any

significant peak in the electron density correlated with the observed



51

current. It is noted that, while the current density measuredby

U I 3-4 was downby a factor of five from that of UNH65-5, the

probe current was reduced by less than a factor of two. Small

fluctuation_ are _b_erved on both the upward and the downwardlegs

of UN]i 65-5. Somemodulation of th_ probe current at the spin rate

(6.25 cps) of the rocket was observed. The sampling rate of the

Langmuir electronics was 5.5 per second, leading to a beat frequency

of approximately the period of one magnetometer signal. The fluctua-

tions, however, have a period equivalent to two magnetometer periods.

These fluctuations are stronger on the downward leg.

lonogram profiles of electron density are included on the

graphs of probe current for the Peru flights. These profiles were

calculated from the records of the ionosonde aboard the USNS Croatan

by J. W. Wright of the Aeronomy Laboratory of ESSA. Comments in re-

gard to the profiles themselves are his. The proportionality constant

between the probe current and electron density was determined by a

visual best fit of the two types of curves. A slightly different

scale factor was used to fit the data for UNH 65-3. There was no ob-

vious justification for this; however, it was desirable for the pur-

poses of comparison.

Two ionogram profiles are shown for UNH 65-5, those of 1050

hours (prior to launch) and of 1109 hours local time (after launch).

The valley restart (method of obtaining profile when the echoes of

a region are blanketed by a lower region) on the 1109 profile in-

dicated a valley 11.5 km wide, but it does not define the depth of

the valley. No indications of a valley were seen in the probe data.

The general agreement between the curves is good.
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The overall features of the curves of both methods were

similar for UNH65-4. The profiles for 0822 hours and 0838 hours

local time are shown. The differences between the upleg and down-

leg probe d_,ta is partially due to trajectory error. A valley re-

start on the ionograms above the E peak at 115 to 119 km would have

beenpreferable, but it was not possible due to complicated F region

echoes. A slight valley is seen in the downwardleg of the probe

data just above this region.

On the downwardleg of UNH65-4, fluctuations in probe cur-

rent of about 15%were observed between 125 and 145 km, similar to

those of UNH64-3. The period of these fluctuations coincided with

that of the magnetometersignal. The probe current decreased during

the polarizing period, _hen an axial field of about 0.7 gauss was

created at the probe by the magnetometercoil. Similar but smaller

fluctuations were seen between 98 and 103 km and above 155 km on the

downwardleg and between 140 and 150 km on the upward leg. The spin

frequency was 6.9 cps, while the probe sampling rate was about 4.9

per second, eliminating the possibility of a beat frequency between

the two. The fluctuations observed on UNH65-5 were smooth and

somewhatsinusoidal, while those on UNH65-4 (and those on UNH64-3)

more nearly resembled a square wave.

2. Fli_hts North of the Di_ Equator

Launched more than 8° to the north of the electrojet, UNH 65-2

reached an apogee of 163 km. Radar tracking data in the early portion

of the flight, along with the apogee time taken as the time of minimum

magnetic field (corrected for changes in the field over the range of



o

the vehicle) were used in computing the trajectory. The Leaton and

Evans theoretical field was computed over the calculated trajectory.

The di_ ference field is shown in Figure 52. Many of the

small variations apparently are due to the precession of the rocket

with a field of about 3 y. The arrows over the curves denote the time

of maximum positive effect of the precession, while the arrows under

the curves denote the maximum negative effect. These times were taken

from the precession record obtained from the magnetic aspect data.

The total shift in field from passing through the current system was

45 y on the upward leg and 38 y on the downward leg. The difference

is thought to arise from inaccuracies in the trajectory and hence in

the calculated theoretical field. Also a result of this is the slight

constant general slope of .15 y/km, which was removed before computing

the current density. Precession effects do not account for the change

in slope around Ii0 km. This is interpreted as evidence of a double-

layered current structure with the lower layer being centered at i00

km and the upper at 120 km. The current density - versus altitude

graph (Figure 53) shows that the two layers are nearly equal in mag-

nitude. The repetition of the pattern on the downward leg indicates

that is is not the result of a time fluctuation in the magnetic field.

The two points that widely deviate from the curve on the upward leg

of the difference curve are believed to be the result of noisy mag-

netometer signals. The fluctuations below 65 km on the downward

leg again are due to the overturning of the rocket spin axis.

UNH 65-3 was launched closer to the electrojet (about 4.5 °

north of the dip equator), reaching an apogee of 172 km. The radar

range was extrapolated and combined with the trajectory calculated
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from the baroswitch data to use in computing the Leaton and Evans

theoretical field. The plot of the difference field (Figure 54)

showsno changes until 165 km. The total shift in field from the

current was 27 y, with the maximumcurrent at 114 km. The shift on

the ground obs,-rved at Casma(the closest station) was 63 y from the

nighttime value_ at flight time; however, this station is significant-

ly closer to the electrojet. Between 105 km and i08 km indications

of a small reverse current appear on both legs of the flight. This

is partially obscured on the downwardleg by the constant slope of

.67 y/km which remains after subtraction of the theoretical field.

The total change in field from the current system is 35 y. Over-

turning of the rocket spin axis occurs below 70 km on the downward

leg, causing the data to be scattered.

The current density derived from the difference field in-

dicates the maximumcurrent density of the reverse current to be be-

tween one-fourth and one-third that of the maximumnormal current,

although the total reverse current is much less than the normal cur-

rent (Figure 55). The normal current is slightly lower in altitude

and approximately the same in magnitude as that of the upper layer

observed on UNH65-2.

The electron density profiles for UNH65-2 (Figures 56 and 57)

showeda weak, sporadic E formation at 106 km on the downwardleg

but not on the upward leg. A local maximumwas observed on both legs

at i06 to 107 km. This correlates with the trough between the two

current layers. Somesmall fluctuations with a period equal to the

magnetometerperiod occurred between 140 and 150 km on the upward

leg and between 125 and 135 and above 150 km on the downwardleg.



These had the opposite correlation from those observed on the dip

equator flights. Here, the probe current increased during the

polarizing part of the magnetometercycle.

Info_-mation from the ionograms of 1132 ho_irs and 1145 hours

local t_me was used to compute the plotted ionogram profile fo_

UNH65-2. Not included in the calculations because of the weak scat-

tered nature of the echoes is the sporadic E layer observed. The

scattered nature of the echoes suggests that it was not present every-

where, a fact confirmed by the observance of a weak sporadic E layer

on the downwardleg of the current profile but not on the upward leg.

The height is slightly above i01 km, from ionogram data, while the

probe data indicate it at 105 km. Evidence of sporadic E was present

on both ionograms.

Probe results from UNH65-3 (Figures 58 and 59) showeda re-

gion of electron concentration between 126 and 130 km on the upward

leg and between 130 and 134 km on the downwardleg, with the electron

density increasing by 20%. The measuredprobe current was approxi-

mately two-thirds that of UNH65-2 in the region between 95 and 105

km, where the lower layer was observed on UNH65-2.

Ionograms for 1049 and 1107 hours local time are shown for

UNH65-3. As previously noted, a different proportionality constant

was used in the comparison with the probe current. The i049 cal-

culation is taken up to the sporadic E layer above 120 km (seen in

the probe current at a slightly higher altitude). This blankets

the regions above, _reventing further calculations. At 1107, how-

ever, three portions of _,e profile were computable in additions

to the "monotonic" approximations. The lower segment is identical
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with the monotonic calculations up to the lower E region maximum.

The second segment is between 121 and 124.5 km, and the third segment

begins at 129 km. The maximumwas also much less pronounced on the

downwardleg probe current profile and was also shifted up in altitude.
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CHAPTER Vl

DISCUSSION

A. The Equatorial Electrojet

The results from the India flights indicate that the equa-

torial electrojet over India is an intense layer of current centered

about 109 km, with a more diffuse tail extending up to about 130 km.

A short distance away from the dip equator, as evidenced by the up-

ward leg of these flights, the current appears thicker in vertical

extent and lower in peak current density. The same vertical struc-

ture was observed in the two equatorial flights over Peru, the main

difference being that the magnitude in Peru is about twice that ob-

served in India. The change in conductivity with longitude due to

the longitudinal variation of the earth's magnetic field has been

shown by Sugiura and Cain (1965) to account for the change in mag-

nitude. In Peru one could observe evidence of current up to 135 km

because of the greater intensity. The vertical profile of the cur-

rent from these measurements indicates an electrojet that is thicker

and centered slightly higher than shown by previous results in the

Pacific (80 ° west in longitude from Peru), (Cahill, 1959). It was

found from the India flights that the maximums in the altitude pro-

files of electron density were correlated with peaks in the current

density, although the reverse was not always evident. This correla-

tion was not observed in Peru, as the electron density profiles of

the equatorial flights did not exhibit distinct maximums.

Near the center of the e!ectrojet over India there may exist

a second peak in current density about i0 km in vertical thickness
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and centered at 140 to 145 km. Careful examination of the flight

records of UNH 64-2 and UNH 64-3 leads one to believe that there are

weak currents at these altitudes. The possibility of a second layer

was first suggested by Cahill (1959), but his measurements indicated

that the center was at a lower altitude. It is possible that time

variations in the magnetic field (more apparent near apogee in flight

records, where the rocket is moving relatively slowly) have caused

the magnetic changes that appear to be currents. Relative maximums

of electron density were observed at the altitude of the second

current layer in each case, supporting the existence of the second

layer. The height fluctuation of the second layer, observed on the

upward legs, may have been caused by the change in the magnetic ac-

tivity. Balsley (1964; 1965) has recently seen weak radar scattering

centers over Peru at about 150 km in altitude, similar to those ob-

served between 95 and ii0 km and associated with the electrojet

(Cohen and Bowles, 1963). However, no indications of a second layer

were seen on the Peru equatorial flights.

A nighttime flight was included in the launchings over India,

and there were no obvious currents observed. The maximum magnetic

effect of nighttime current between 90 and 150 km was less than i0 7.

The discrepancy between rocket and ground determination of

the contribution by the electrojet to the horizontal magnetic field

in India is probably due to the finite width of the electrojet. The

width has been shown to decrease during periods of low solar activity

(O_buehi and Onwumechilli, 1964). It has been estimated to be about

440 km over Nigeria in 1956 by O_buehi and Onwumechilli (1963),

about 330 km over Nigeria in 1962 by Ogbuehi and On_amechilli (]964),
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and 600 km over Peru in 1958 by Forbush and Casaverde (1961). An-

other cause could be an anomalously low induced subsurface current

contribution. In Peru comparison with the magnetogram values was

difficult due to the separation of ship and ground stations. Since

the earth rotates under ionospheric currents (see Introduction), the

current effect that was seen over the ship would have been seen at

ground stations in Peru at an earlier time. An attempt was made to

_low for this delay by comparing the rocket results with magnetogram

values 20 minutes prior to launch. The contributions from UNK65-5

were two-thirds of the total ground departure. However, this does

not allow for any reduction in magnitude due to the finite width of

the electrojet. For UNH 65-4 the contribution was less than one-half

of the ground value (observed 20 minutes prior to launch); however,

percentage errors in measurements are magnified by the small size of

the effect at this time of day.

Two flights, UNB 64-3 and UNH 65-4, were made near the time

of maximum negative effect of the lunar current system (Chapman and

Barrels, 1940). No reverse currents were observed on these flights.

While this is not conclusive, it suggests that the lunar variations

result from a modulation of the normal electrojet rather than from a

separate current layer. One also notes that while the current ob-

served by UNH 65-4 was less by a factor of five than that observed

by Uhql 65-5, the electron density in the range between i00 and ii0 km

was less by an average factor of about two. The electron density is

directly related to conductivity; hence, the driving field must have

been smal3er, possibly from the negative lunar effect.

Values of _I and _2, taken from the graphs of Maeda and
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Matsumoto (1962) were used to calculate the Cowling conductivity 03

which is a on the dip equator (see Introduction). The resulting
YY

graph of o3 versus altitude is shown in Figure 60. The peak is slight-

ly wider but the curve strongly resembles the current profiles of the

equatorial flights of both India and Peru. The current profiles are

also similar to the plot of No 3 (o3 in Figure 2 does not contain the

electron density) given by Baker and Martyn (1953) and shown in

Figure 2.

B. LanKmuir Probe Results

Correlations between observed maximums in probe current and

ionospheric current layers were found to exist; however, net all o5-

served current layers had a definite corresponding maximum in probe

current. In the India series, the afternoon flight showed a decrease

in both the magnitude of the observed lower current layer and the

Langmuir probe current (hence conductivity) of a factor of four from

the corresponding values for the morning flight.

No sporadic E type increases in electron density were ob-

served on the rocket records for the equatorial flights, confirming

the supposition that equatorial sporadic E arises from echoes from

small field-aligned irregularities throughout the current layer

(see Chapter II). Small sporadic E increases were seen on both of

the off-equator flights. In neither case was enhancement of the

csrxent layer observed.

Comparison of the Langmuir probe current profile of the Peru

flights to shipboard ionogram profiles showed a general similarity

in shape of the two types of profiles in each case. Using the same
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proportionality constant of probe current to electron density re-

sulted in close agreement in three cases and agreement within

twenty percent in the fourth. Small differences in the altitude

at which a feature of the profiles occurs can be accounted for by

the errors in altitude determination in both methods. Equatorial

sporadic E was seen on the surface ionograms for UNH 65-4 and

UNH 65-5. Sporadic E was also observed on the ionograms for

UNH 65-2; however, it was apparently patchy and could not be in-

cluded in the profile (J. W. Wright, private communication).

The electron density observed on the night flight from

India was less by a factor of twenty or more than that observed

during the day over most of the profile. This supports the fact

that no current layer was observed, since the conductivity would

have ben proportionately less. The structure of the nighttime pro-

file showed large variations in the lower portion of the E region.

The cause of these is not known at this time. Somewhat similar

results were observed from the USNS Croatan off the coast of Peru

by Blumle, Aikin and Jackson (1965).

Small fluctuations with a periodic structure were observed

on several of the flights. On UNH 64-3 and on UNH 65-4 the fluctu-

ation frequency coincided with the magnetometer sampling frequency.

On UNH 65-5 the period of the fluctuations was twice that of the

magnetometer period. On th_s flight fluctuations at the spin fre-

quency of the vehicle were also found which, when combined with the

sampling rate of the Lan>_auir electronics, could have produced

fluctuations of a period equal to that of the magnetometer. The

result was fluctuations that were not sharply defined as in th,
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other cases. It is noted in these examples that the probe current

decreases during the polarizing portions of the magnetometersignal.

On one flight, UNH65-2, very small fluctuations of the opposite

correlation were observed; however, these were on the order of the

experimental error. At the time of polarization an axial field of

.7 gauss is created at the probe in addition to the earth's field.

The collision frequency between electrons and neutrals at 120 km

is given by Belrose, et al. (1964) to be about i x 104 per second.

This is significantly less than the cyclotron frequency for elec-

trons (about 5 megacycles) in this region. The gyration diameter

is about 6 cm. or approximately the dimension of the probe. Nobata

(1963) states that, if the electron-cyclotron frequency exceeds

the collision frequency of electrons with neutrals, then the probe

current will be independent of the magnetic field when the probe

length in the direction of the magnetic field is smaller that the

average gyration diameter of the electrons, and the current will

be determined by the gyration diameter when the probe length is

greater than the gyration diameter. Hence, a slight precession

(changing the length of the probe along the magnetic field) coupled

with the slight increase in gyration diameter with height, could

cause the magnetic effects to be present at some portions of the

flight and absent at others, as observed. This is verified by

the downward leg of UNH 65-4, where the fluctuation effect has maxi-

mums at about 160 km and 135 km which are 35 seconds or one pre-

_ssion period apart. Tile fact that these fluctuations occur most

often on the downward leg may be the result of part of the probe

being in vehicle wake.
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C. Sq Currents

Two of the Peru series of flights (UNH 65-2 and UNH 65-3)

were made north of the electrojet and provided experimental evidence

of the Sq current systems at low latitudes. These flights were

north of the lateral extent of the electrojet given by Forbush and

Casaverde (1961), calculated from data at the time of solar maximum.

The results from 65-2 show a two-layered structure with the upper

layer centered abo,_t 120 km and the lower layer at about i00 km. The

maximum current density in each layer is nearly the same. This two-

layer structure is consistent with the recent calculations of con-

ductivity of Su_iura and Cain (1965). Their results indicate that

the conductivity at this latitude has a double maximum. Their graph

of _yy as a function of altitude and latitude is shown in Figure 61.

Sq currents observed at mid-latitude by Burrows and Ha]] (1965) and

Davis et al. (_965) consisted of a single layer. It is also noted

that the electron density measured during the UNH 65-2 flight has a

maximum between the two layers, and that a weak sporadic E layer was

seen at this position on the downward leg.

One day later and closer to the electrojet (UNH 65-3) the

lower layer was not present and the upper layer was centered at 114 km.

Also, there were indications of a reverse current centered about 108

km. Chapman (1951) has suggested that some of the return current

from _le electrojet could flow at nearly the same altitude as the maxi-

mum of the electrojet, but to the north and south of the electrojet,

thus creating a revev_e current.

The total change in the field passing through the current

system was 27y for UNII-3 compared with 45y (upward leg) and 38y
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(downwardleg) measuredon UNH65-2. The ground station magneto-

meter of Casma,Peru, recorded a muchhigher Sq variation in each

case, but it is probably under the edge of the electrojet. The

magnitude of the current in the upper layers in both flights was

nearly the same.

Again, there was no correlation of the observed currents

with the sporadic E conditions observed at approximately 130 km by

both the Langmuir probe on LrN-H65-3 and in the surface ionogram.
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CHAPTER Vll

MODELS

In order to see if the measurements made of the electrojet

were consistent and in agreement with ground measurements, an at-

tempt was made at formulating a simple model.

The first model of the electrojet by Chapman (1951) and

later work by Onwumechilli (1963) assumed that the current exists

in infinitesimally small wires of infinite length. If a current

I flows through one of these wires, the field at a distance R from

_Le w_L= is ven _--

21
IBI = _-- (15)

and is directed in the e direction considering a cylindrical system

with the current flowing along the Z axis. Using this relation, one

can then sum up the contributions from all of the "wires" in the cross

section of the electrojet. If we transpose into rectangular co-

ordinates, the resulting integral from the summations defines the

field at a point with coordinates (b, -a) as

f 2J(x,y)= x y R cos e _x (16)

2J(x,y) sin % i
+ Y R y

where

x-b

y+a

,= tan e, R = (x-b) 2 + (y+a) 2
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and J is the current density.

Since the rocket flights have not yet yielded detailed informa-

tion about the horizontal distribution of current, it was decided

to omit any x variation of the current density. This allowed im-

mediate x integration, and the result for the x componentof the

field is expressed by

Bx y 2 J(y) an-_ x-b _%x_5
_A___ - tan _..

0 y+a y+a

(17)

where x I and x2 define the limits of the x integration and 0 and

Yl are the limits of the y integration. A similar expression may

be obtained for the y component of the f_eld.

A program was then developed (by Mrs Marilyn Wingersky,

University of New Hampshire Physics Department) to compute the two

integrals for an arbitrary J(y), using the method of Gaussian quad-

ratures. This program is given in Appendix B.

The measured current densities resembled an over-damped

sine wave in vertical distribution. After plotting many forms of

damped sine waves, the best fit to the Peru experimental results

was picked as

J(y) ffi 32.142e -('064577y) sin 4 (.064577y) (18)

These constants are the result of fitting the curve to the data.

Calculations made assuming various widths of the electrojet are

shown in Figure 62. The greater magnitude of the change in the

field from the current in the model calculation (compared with the

measured values) re_t_ _rom the actual current being narrower
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about the maximum than the model current, and from the neglecting

of the x variation in the model current density. It is noted

that the regions above 140 km and below 80 km have a greater slope

than that observed. The near zero slope of the observed values is

most likely the result of inaccuracies in the trajectory (and

therefore in the theoretical field also) rather than an abnormally

wide electrojet.

Figure 63 shows the change in the north-south component of

the field as one moves away from the center of the electrojet (the

width being assumed as 500 km). At 50 km distance from the center

there is almost no difference. At 450 km from the center (the ap-

proximate distance of UNH 65-3 from the dip equator was 500 km)

there is little effect from the electrojet. From this it is seen

that the maKnetic effect interpreted as a reverse current (UNH 65-3)

can not have been caused by the electrojet itself.

In comparison with ground data, Figure 62 indicates that

there is a reduction of 25% or greater in the field at the ground,

in relation to that at the altitude of the electrojet, due to the

effect of the finite width of the electrojet. Such a reduction was

observed in comparing the India flight records with the correspon-

din£ ground data.
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CONCLUSIONS

From these measurementswe may conclude about the equa-

torial electrojet that:

i. The electrojet is an intense layer of current centered

about 109 km with a more diffuse tail extending up to

130 to 135 km. The maximumaltitude at which currents

are observed is dependent upon the intensity, since a

low intensity results in changes in magnetic field that

cease to be measurable.

2. The vertical current distribution is thicker, and the

peak current density centered higher than that of pre-

vious measurements.

3. A second layer occasionally may exist, centered between

140 and 145 kmnear the center of the electrojet, al-

though the evidence is not conclusive.

4. The finite width of the electrojet causes a decrease in

the magnetic field change seen at the ground. Taking

this into account, good correlation was found in India

between ground data and flight data.

5. Since no reverse currents were observed on the flights

at the time of the maximumnegative effect of the lunar

current system, it appears that the lunar current system

is either a modulation of the normal current, or that

it may exist at a higher altitude. (This is unlikely



because of the lower conductivity.)

6. _ximums of electron density were correlated with

maximumsof current density, although the reverse

was not always evident.

7. Nighttime currents are small, with the total magnetic

effect being less than 10y.

Evidence was found to support the theory that, if the length

of the Langmuir probe in the direction of the magnetic field is

smaller than the average gyration diameter of the electrons, the

probe current will be independent of magnetic fields. I the length

along the field is larger than the average gyration diameter, then

the current will be dependent on the gyration diameter.

It was also observed that for the Sq current system:

I. In low latitudes the Sq current can exist in two layers,

one centered about i00 km in altitude and the other

about 120 km in altitude.

2. A reverse or negative current was found to exist close

to the electrojet, and at the samealtitude as the main

current of the electrojet, which may be a return from

the electrojet.
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APPENDIXA

Trajectory determination presented a problem, in that no

radar was available for the India flights. It was desirablt: to find

a meansof ¢ompu_inr.a va;-Jab]e g, free fell trajectory. The basic

equation can be written as

m(t) d2 y = -m(t) g(y) (AI)
dt 2

wi_erey is the vertical height above the earth,

g(y) is the acceleration due to gravity

_i_ _ th .... _ _ _h_ v_h_r1_

Employing the expression for the gravitational force, equation (AI)

becomes

d2y = CI (A2)

dt 2 (y + C2)2

where C I and C 2 are known constants.

To integrate this, two transformations are made:

is set equal to X, and second, since dy = dx,

first, (v + C2)

d2x _ vdv C_4__ -

dt 2 dx x 2

Then carrying out the integrations, over x, one gets

v 2 2 ( C1 + C_x -.---_ .J

x

(A3)

where C 3 is an arbit_-,ry constant.



In order that the velocity go to zero at apogee, C3 must be a nega-

tive number. Define new constan:s: 2C1 - KI, -2C_ = K3 (K3 is

arbitrary, KI is known). The e:<pression now be,_omes

dx = K 1 - K 3 x (A4)

dt x

Two more transformations are necessary to easily integrate this:

let KI
_ F 2

K 3

and _2 = F2 _ x.

A

-2 / F2 _ _2'

K3
de = dt

(A5)

Integrating equation (A5), we get

i 2 _ _2 + F 2 sin -I _ = t + KS (A6)

!

where KS is the second arbitrary constant.

This transforms back to

KI-K3x. + sin" = t + K_ (A7)

A more condensed and convenient form is found by letting

K 3 K3

R = K_I (x) --K_I (y + C2)

_R(I-R)'+ sin-I-_-_- -K3 (t)+ K_
K1

(A8)

Here, K 3 and K 4 must be determined by the boundary conditions.

+_ +WOBaroswitch data give us _,,e _ times when the rocket is at



70,000 feet. The apogee time can be obtained from these by taking

the mean of the two times. K3 can easily be determined, if the

apogee time (t a) is known, from the equation (A3), (note K3 = -2C3)

by noting that v = 0 at apogee. This leads to I-R = 0 at t a and

that

(A9)

Using equations (AS) and (A9), and the time (given by the baro-

switch), that the rocket passed 70,000,feet, K 4 can be determined.

T_=___following -_r=m_vo.........(T_h!p A]_. wa__ written bv_ Mrs. Marilvn

Wingers&y to calculate the times on each leg of the trajectory for

any given Z, beginning at a specific altitude and incrementing until

the apogee is reached. It was written in Fortran for the Load and

_o subroutine for the IBM-1620 digital computer.

For each trajectory a data card is read in containing ta

(time of apo_%ee in seconds) and Z (altitude in feet). K_ is then

computed by iteration as follows:

R

(K4) -- 2

: . + C2

i El .

(K_) -

i+l 1- --
t

a

if (K4) i+ 1 - (K4) i > .0000001,

, )(K4)i+ 1 = (K4) i + .05 _(K_)i+l - (K_)i and continue.
set
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The times for the upward and downward legs are then computed,

beginning with Z = 1.5 km and continuing every .5 km until R > i,

using equations (AI0) and (All).

t upward = + sin -I I_-R - K (AI0)

t downward = - _ -sin -I __ -K (All)

The altitude is then decreased by 2 kilometers, and the increment is

multiplied by .i, and again the times are computed until R > i. The

distance is then decreased by the increment, and the increment is

multiplied by .I. This is continued until the increment is less than

.001. The output consists of t upward, t downward, and Z in kilometcrs.
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TABLE AI

Rocket Trajectory Program

ROJ;X_'f PIIGIiT, DETERMINES TIME
OF DIStA: ZE

._i,;i=_95_66.

C2:6378. 388

16 READ i, TA,T,Z

Z=. 0003048006"Z

"_m=-2 /3

HTT= 3. /2.
GD= ((hKON1/TA )**TTH)/HKON1

GB=G!{ {}(Z+C2 )

GAb=( _.- (T/TA))
HKON_=. 2

2 R= (HKON4**TTH)*GB

PUNCH i, R

SE=SQRTF (RE*R)

ER=SQRTF (RR/R)

ERO=ATANF(ER)

HKON5=SE+ERO

HKON5=ABSF (HKON 5 )/GAB

PUNCi_ l, R,hKON5,SE,ER,ERO

DF=ABSF (HKON4-HKON 5 )

IF (DF-.0000005) 3,3,4
4 HKON4=HKON4+.05* (HKON5-HKON4)

PUNCH I, HKON4
GO TO 2

3 HKON3=( (HKON5*HKON1)/TA)**TTH

PUNCH l, TA,T,Z,HKON3,HKON5
HKON4=HKON5

CON2:6378. 388

W =HKON 3/HKON I
U= (}iKON 3*SQRTF (HKON3 ))/HKON1

U=-I./U

15 Z=l.

ZINC=. 5
14 Z=Z+ZINC

R=W* (Z+CON2)

IF (R-I.) 5,5,6

5 X=SQRTF(R-(R*R) )

Y=SQRTF (I. -R)

Y=SINF (Y )
S=ATANF (Y/SORTF (i. -Y*Y ))

T= (X+S-HKON 4)*U

TT= (-X-S-HKON4 )_U

PUNCH i, T,_,_ Z
GO TO 14

AS A FUNCTInN



6 IF (Zi_C-.5) 20,21,21
21 Z=Z-2.

ZINC:ZINC*. l
GO TO 14

20 Z:Z-Zi_C
Zi_C=ZiNC*. i
Z=Z-ZIi_C
IF (ZINC-.0_I) 16,14,14
END
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APPENDIX B

Figure AI shows the comparisons between the various means

o; traje,_tory determination for the b_11 65-5, at aititudes between

14 aud 35 k_. Radar plot-board data are rough results taken from a

copy of the plot-board record. The computed radar is the final

analysed radar track as supplied to us by _AEA. The computed tra-

jectory is that computed from the baroswltch t_mes, using the pro-

gram given in Appendix A. Densitometer data were converted from

pressure to altitude using the U.S. Standard Atmosphere. It is

noted that all methods are within two kilometers. Figure A2 de-

picts the region between 72 and 84 km of the same flight. The agree-

ment between the methods is close until about 80 km, where the radar

changes slope. Since this is well above appreciable atmosphere, it

is believed that the radar is in error above this altitude.

Similar records are shown fo_ UNH 65-3 in F_gure A3. Here,

the densitometer differs by almost two kilometers between 19 and 31

km. The radar and the baroswitch trajectories are within 0.3 km.

It is noted that the densitometer records are not always

this close to the radar data. This might be improved with a more

stable circuit and better calibration. It is useful in case all

other means fail. The baroswitch proved to be a reliable means of

trajectory determination and agreed closely with radar results

where _vailable.
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APPENDIX C

The reduction of data from the flights resulted in the

repetition of a number of similar calculations. The program for the

trajectory (Appendix A) calculated a time for a given altitude. Since

the time of each measurement was known and the altitude desired, it

was necessary to interpolate between the calculated points. A program

was written to do a linear interpolation for the altitude at a given

time. The program was written in the Load and Go format for the IBM-

1620 computer.

Three variations of the program were used. Table A2 lists

the program for the calculation of the altitudes for the Langmuir

probe measurements. N is the total number of data cards. The dimen-

_on is set by the number N. Line i00 is set to read the data cards

in the form in which they are punched by the trajectory program. The

times are then read in and the interpolation done for each one. It

is to be noted that the times must be in sequence, continually in-

creasing, and that the data cards must also be kept in sequence.

A similar program is shown in Table A3. In this case the

times are read in with the number of each measurement (M) and the

measured field (F). M and F are carried through and punched in the

output for use in the next program. Since the data is to be used in

a subsequent program, the Load and Go punch subroutine is used.

The theoretical field data were in a similar form, with the

values being known every five kilometers. The third variation of the

interpolation program is given in Table A4. Here, it was desired to

find the theoretical field for the altitudes calculated by the



program in Table A3. The input data was that of the theoretical

field F (K) at a given altitude Z (K). The information from the

program in Table A3 was then read in and the theoretical field cal-

culated for each point. The difference between the theoretical and

the measured field was then taken and printed with the value for the

theoretical field and the information read in.



83

4

TABLE A2

Prosram t__oInterpolate for the Altitude Correspond-

ing to Each Lansmuir Probe Measurement

C

C

LOAD AND GO INTERPOLATION -MAYNARD

N=NUMBER OF CARDS YOU INTERPOLATE WITH

DIMENSION UPT(298),DOWNT(298),Z(298)

1 READ 500, N

DO 100 K=I,N

i00 READ 500, UPT(K),DOWNT(K),Z(K)

READ 500, TIMES

2 DO 8 K=2,N

U:UPT(K)

IF (TIMES-U) 3,7,8

3 ZZ=Z(K)
ALT=(Z(K-!)-ZZ)/(UPT(K-1)-U)

4 ZP=(TIMES-U)*ALT+ZZ

5 PRINT 500, ZP,TIMES

READ 500, TIMES

IF (TIMES) 6,1,6
6 IF (TIMES-U) 4,7,8

7 ZP=Z(K)

GO TO 5
8 CONTINUE

9 IF (TIMES-DOWNT(N)) i0,10,12

i0 PRINT 500, Z(N),TIMES

READ 500, TIMES

Ii IF (TIMES) 9,1,9

12 DO 18 K=2,N
M=N-K+I

D=DOWNT(M)

IF (TIMES-D) 13,17,18
13 ZZ=Z(M)

ALT=(Z(M+I)-ZZ)/(DOWNT(M+I)-D)

14 ZP=(TIMES-D)*ALT+ZZ

15 PRINT 500, ZP,TIMES

READ 500, TIMES
IF (TIMES) 16,1,16

16 IF (TIMES-D) 14,17,18

17 ZP=Z(M)

GO TO 15
18 CONTINUE

END

• m



84

TABLE A3

Program to Interpolate for the Altitude Correspond-

ing to Each Magnetometer Measurement

C

C
LOAD AND GO INTERPOLATION -MAG -MAYNARD

N=NUMBER OF CARDS YOU INTERPOLATE WITH

DIMENSION UPT(298),DOWNT(298),Z(298)

I READ 500, N

DO 100 K=I,N

i00 READ 500, UPT(K),DOWNT(K),Z(K)

READ 500, M,TIMES,F
2 DO 8 K=2,N

U=UPT(K)

IF (TIMES-U) 3,7,8

3 ZZ=Z(K)
ALT=(Z(K-i)-ZZ)/(UPT(K-i)-U)

4 ZP=(TIMES-U)*ALT+ZZ

5 PRINT 500, M,TIMES,F,ZP

READ 500, M,TIMES,F

IF (TIMES) 6,1,6

6 IF (TIMES-U) 4,7,8
7 ZP=Z(K)

GO TO 5
8 CONTINUE

9 IF (TIMES-DOWNT(N)) 10,10,12

10 PRINT 500, M,TIMES,F,Z(N)

READ 500, M,TIMES,F

ii IF (TIMES) 9,1,9

12 DO 18 K=2,N
M=N-K+I

D=DOWNT(M)

IF (TIMES-D) 13,17,18
13 ZZ=Z(M)

ALT=(Z(M+I)-ZZ)/(DOWNT(M+I)-D)

14 ZP=(TIMES-D)*ALT+ZZ

15 PRINT 500, M,TIMES,F,ZP

READ 500, M,TIMES,F

IF (TIMES) 16,1,16

16 IF (TIMES-D) 14,17,18

17 ZP=Z(M)

GO TO 15
18 CONTINUE

END
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TABLE A4

Program t__ooInterpolate for the Theoretical Field

C
C
C

LOAD AND GO INTERPOLATION -FIELD -MAYNARD

N=NUMBER OF CARDS YOU INTERPOLATE WITH

I=NUMbER OF THE APOGEE CARD

DIMENSION Z(200),F (200)

1 READ 500, N,I

DO 100 K=I,N

i00 READ 500, Z(K),F(K)

READ 500, M,T,F,ZS

2 DO 9 K=2,I
ZZ=Z(K)

IF (ZS-ZZ) 3,8,9
3 FF=F(K)

FIELD=(F(K-I)-FF)/(Z(K-I)-ZZ)
4 FT=(ZS-ZZ)*FiELD+FF

5 DIFF=F-FT

PRINT 500, M,T,F,FT,DIFF,ZS
ZSI=ZS

READ 500, M,T,F,ZS

IF (ZS) 6,1,6

6 IF (ZS-ZSI) 10,7,7

7 IF (ZS-ZZ) 4,8,9
8 FT=F(K)

GO TO 5

9 CONTINUE
l0 J=I+l

ll DO 18 K=J,N
ZZ=Z(K)

IF (ZS-ZZ) 18,17,13
13 FF=F(K)

FIELD=(F(K-I)-FF)/(Z(K-I)-ZZ)
14 FT=(ZS-ZZ)WFIELD+FF

15 DIFF=F-FT

PRINT 500, M,T,F,FT,DIFF,ZS

READ 500, M,T,F,ZS

IF (ZS) 16,1,16

16 IF (ZS-ZZ) 18,17,14

17 FT=F(K)

GO TO 15
18 CONTINUE

END
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APPENDIX D

Tables A5 and A6 give the main program and function sub-

routine for the calculation of the magnetic field from a model

electrojet, given the function of the vertical current distribution.

The program, written in Fortran II for the IBM-1620 computer by

Mrs. Marilyn Wingersky, does the integration over the vertical dis-

tribution numerically by the method of Gaussian quadratures.

The expression for the vertical current distribution (BQZ)

is placed in the function BXBY subroutine given in Table A6. The

subroutine object deck is read in with the main program object deck

and is automatically called by the main program when needed in the

calculation. The information read in by the main program in state-

ment i consists of the total number of data cards read in by the

second read statement (N), the limits of the width of the electrojet

in kilometers (XI and X2) , the limits of the integration over the

vertical coordinate in kilometers (YI and Y2), and any constant ad-

ditional field in the X direction which is desired to be added to

the calculated magnetic field (BXE). The second read statement

reads the coordinates of the point at which the field is to be cal-

culated.

As the program now reads, stored information is lost during

the calculation, and the program must be read into the computer for

each A and B at which the calculation is desired. Time for each

calculation on the IBM-1620 is about two minutes. Another suggestion

for improvement is to read in BXE in the second read statement, so

that it can be varied for each set of coordinates A and B for which

the calculation is made.
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TABLE A5

Electro Jet Model Program

1

i00

i01

2

B
102

DIMENSION W(4),T(2),TI(4)

w(1)=.34T85483
W(2)=.65214516

W(3)=.65214516

W(4)=.34785483

T(I)=-.86113633

T(2)=-.33998100

READ 100, N,XI,X2,YI,Y2,BXE

FORMAT(I3,5FI0.2)

DO 3 JJ=I,N

READ I01, A,B
FORMAT(2FI0.2)
Xll=X1-B

X22=X2-B

H=(Y2-YI)*.16666667

HP=H*.5

TI(1)=T(1)*HP

TI(2)=T(2)*HP

TI(3)=-TI(2)

TI(4)=-TI(1)

SPX=0.

SPY=0.

DO 2 J=l,6

G=(2.*Yl+H)*.5
Yl=Yl+H

DO 2 K=l,4

T10=TI(K)+G

Ti1=w(_)
SPX=SPX+TII*BXBY(XII,X22,A,TI0,1)

SPY=SPY+TII*BXBY(XII,X22,A,TI0,2)
SPX=HP*SPX

SPY=HP*SPY

TI0=BXE+SPX

BI=SQRTF(TI0*TI0+SPY*SPY)

PRINT 102,XI,X2,YI,Y2,A,B,BI,SPX,SPY
FORMAT(6FI0.2,3EIT.8)
GO TO 1

END
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TABLE A6

ElectroJet Model Program Subroutine

FUNCTION BXBY(XII,X22,A,Y,L)

BQZ=32.142*EXPF(-.064577*Y)*((SINF(.064577*Y))**4)
SI0=Y+A

GO TO (I,12),L

1 IF (Sl0) 2,3,2
2 BXBY=BQZ*2.*(ATANF(X22/SI0)-ATANF(XII/SI0))

RETURN

3 IF (X22) 4,5,6
4 SI=-1.5707963

GO TO 7
5 Sl=O.

Go TO 7
6 Si=1.5707963

7 IF (XlI) 8,9,10
8 $2=-1.5707963

GO TO II

9 s2=o.
GO TO ii

i0 $2=1.5707963

ii BXBY=BQZ*2.*(SI-S2)
RETURN

12 SI0=SI0*SI0

BXBY=BQZ*LOGF((X22*X22+SI0)/(XII*XII+SI0))
RETURN

END
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FIGURE CAPTIONS

Figure i. World maps of the ionospheric current systems cor-

responding to the solar daily magnetic variations

in the sunspot minimum year ]902. The top chart is

at the time of the equinoxes and the bottom at the

June solstice (taken from Chapman and Barrels (1940)

page 229).

Figure 2. Variation of the product of the number density of

electrons and the various normalized conductivities

(normalized by removing electron density variations)

with altitude as calculated by Baker and Martyn (1953).

Figure 3. Block diagram of the UNH rocket magnetometer payload.

Figure 4. Picture and layout diagram of the payload, showing the

location of each major instrument.

Figure 5. Photograph of the densitometer unit mounted on the an-

tenna base section. The photograph also shows the

bottom of the raceway with Cannon connectors for each

deck.

Figure 6. Block diagram of the UNH proton precession magnetometer.

Figure 7. Photograph of the sensor coil showing it in its various

stages of construction.

Figure 8. Drawing of the electrostatic shield used to encase the

sensor coil for reduction of noise pickup.

Figure 9. Schematic of the preamplifier unit showing the pre-

amplifier, programmer, associated relaying and the

clipping network.

Figure i0. Schematic of the main tuned amplifier.
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Figure ii. Picture showing construction details of the main

amplifier unit.

Figure 12. Block diagram of the Langmuir probe electronics.

Figure 13. Circuit diagram of the Langmuir probe amplifier

deck showing the amplifiers and the multi-vibrator

programmer.

Figure 14_ Schematic of the ramp generation electronics and

sensing resistors of the Langmuir probe.

Figure 15. Detail of the Langmuir probe used on the UNH rocket

flights.

Modified densitometer circuit d_agram.

Picture of the aspect deck showing the mounting of

the sensor (on the right) and the sensor electronics

(on the left). The baroswitch is at the bottom.

Schematic of the telemetry mixer circuit.

Schematic of the "mercury" battery deck illustrating

the system for electrically holding the relays on

during flight.

Sample magnetic signature obtained at the UNH Magnetic

Field Observatory. The X and Z scales are noted.

Map of southern India showing the launch location at

Thumba, the approximate trajectory of the four flights,

and the approximate location of the center of the

electrojet.

Magnetograms from Trivandrum, India, of H, D, and V

variations between 0900 and 2100 hours local time on

January 25, 1964. Time of launch of I_H 64-1 is indicated.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.
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Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.
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Magnetogram from Trivandrum, India, between 0830

and 2000 hours local time on January 27, 1964. Time

of launch of UNH 64-2 is indicated.

Magnetogram from Trivandrum, India, of H, D, and V

variations between i000 and 2100 hours local time on

January 29, 1964. Time of launch of UNH 64-3 is

indicated.

Magnetograms from Trivandrum, India, of H, D, and V

variations between 1500 hours, January 31, 1964, and

0300 hours, February i, 1964. Launch time of UNH 64-4

m_ LzOLeu o

Map of Peru showing the location of the four flights.

Also shown are several estimates of the magnetic dip

equator and the locations of the magnetic observatories

of Canete, Huancayo, Huanuco, and Casma.

Magnetograms from the Peruvian stations of Huanuco,

Casma and Canete for March 9, 1965. The launch time

of UNH 65-2 is noted.

Magnetograms from the Peruvian stations of Huanuco,

Casma and Canete for March i0, 1965. Indicated by the

arrows is the launch time of UNH 65-3.

Magnetograms from the Peruvian stations of Huanoco,

Casma and Canete for March ii, 1965.

Magnetograms from the Peruvian stations of Huanuco,

Casma and Canete for March 12, 1965. The times of

launch of UNH 65-4 and UNH 65-5 are noted.
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Figure 31.

Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.

Figure 38.

Figure 39.

Block diagram of the data reduction system used for

the magnetometer data.

The difference between the measured field and the

calculated Finch and Leaton field in gammas, plotted

against altitude in km for UNH 64-4.

Langmuir probe current (proportional to electron

density) in microamperes as a function of altitude

in kilometers for the upward leg of 64-4.

Langmuir probe current (proportional to electron

density) in microamperes as a function of altitude

in kilometers for the downward leg of UNH 64-4.

The difference between the field measured by UNH 64-2

and that measured by UNH 64-4 in gammas, as a function

of the altitude in kilometers•

The current density in amp/km 2 (derived from the slope

of the difference curve in Figure 35), as a function

of altitude in kilometers for UN-H 64-2.

Langmuir probe current in microamperes plotted against

altitude in kilometers for UNH 64-2. Note that there

are two vertical scales.

The difference between the field measured by UNH 64-1

and that measured by UNH 64-4 in gammas, as a function

of altitude in kilometers.

The measured current density in amp/km 2 (derived from

the slope of the difference curve in Figure 38), plotted

against the . _titude in kil_ieters for UNH 64-1.



" 93

Figure 40.

Figure 41.

Figure 42.

Figure 43.

Figure 44.

Figure 45.

Figure 46.

Figure 47.

Figure 48.

UNH 64-1 Langmuir probe current (proportional to

electron density) as a function of altitude in

kilometers. Note that there are two vertical and

two horizontal scales.

The difference between the measured field and the

UNH 64-4 measured field in gammas as a function of

altitude in kilometers for UNH 64-3.

UNH 64-3 current density in amp/km 2 (derived from

the slope of the difference curve in Figure 41),

plotted against altitude in kilometers.

UNH 64-3 Langmuir probe current (proportional to

electron density) as a function of altitude in

kilometers. There are two vertical scales.

The difference between the measured field and the

Leaton and Evans field in gammas for UNH 65-5,

plotted.against the altitude in kilometers.

The current density derived from the slope of

Figure 44 in amp/km 2 versus the altitude in kilometers.

The difference between the UNH 65-4measured field and

the Leaton and Evans theoretical field in gammas as a

function of altitude in kilometers.

UNH 65-4 current density (derived from the slope of

Figure 46) in amp/km 2 versus the altitude in kilometers.

Langmuir probe current (proportional to electron density)

in microamperes as a function of altitude in kilometers

for the upward leg of UNII 65-5. lonogramprofiles

before and after the flight with the corresponding scale



Figure 49.

Figure 50.

Figure 51.

Figure 52.

Figure 53.

Figure 54.

Figure 55.

of electron density are shown for comparison

(calculated by J. W. Wright of ESSA).

UNH 65-5 downward leg Langmuir probe current as a

Function of altitude. The ion_z .m profiles before

and after flight are also plotted.

Langmuir probe current l_.-asured by UNH 65-4, plotted

against altitude for the upward leg. Also plotted

are the ionogram profiles.

The downward leg of UNH 65-4 LanBmuir probe current

versus altitude profile. Also plotted are the

ionogram profiles.

The difference between the measured field of UNII 65-2

and the Leaton and Evans field in gammas as a function

of altitude in kilometers. The arrows over the curves

denote times of maximum positive effect of the preces-

sion and those under the curves the maximum negative

effect.

The current density versus altitude profile derived

from Figure 52 for flight UNH 65-2.

The difference between the UNH 65-3 measured field and

the Leaton and Evans theoretical field in gammas,

plotted against the altitude in kilometers.

UNH 65-3 current density in amp/km2 (derived from the

slope of Figur," 54) as a function of the altitude in

kilometers.



95

Figure 56.

Figure 57.

Figure 58.

Figure 59.

Figure 60.

Figure 61.

Figure 62.

Langmuir probe current in microamperes (proportional

to electron density) plotted against altitude for

the upward leg of UNH 65-2. The ionogram profile

calculated by J. W. Wright of ESSA is shown for

comparison.

Langmuir probe current in microamperes as a function

of the altitude for the downward leg of UNH 65-2.

The comparison to the ionogram profile is shown.

The downward leg of the UNH 65-3 Langmuir probe current

versus altitude profile. Comparison is shown to the

ionogram profiles before and after flight.

IRFH 65-3 Langmuir probe current for the upward leg as

a function of the altitude. The ionogram profiles are

plotted with the corresponding electron density scale.

A plot of 03, calculated from values of Ol and 02 given

in the graphs of Maeda and Matsumoto (1962), versus

altitude.

Profiles of constant conductivity Oyy about the electro-

jet over Peru, plotted against altitude on the vertical

scale and latitude on the horizontal scale, as calculated

by Su_iura and Cain (1965). Note that the horizontal

scale is compressed by a factor of 20 and that north is

to the right of the graph.

The magnetic field calculated from a model electrojet

versus altitude showing the effect of the variation of

the width of the electroJet.



Figure 63.

Figure AI.

Figure A2.

Figure A3.

Q_

The magnetic field calculated from a model electro-

jet in gammasversus altitude in kilometers, showing

the effect of location away from the center of the

electrojet.

A comparison of trajectory data from radar, densito-

meter, and baroswitch for UNH65-5 between i0 and 34

kilometers. The curve labeled "computer" is calcu-

lated from baroswitch data using the program in Appendix A.

A comparison of trajectory data for UNH65-5 between 72

and 84 kilometers. Note the change of slope of the

computedradar data at about 80 kilometers.

A comparison of trajectory data from radar, baroswitch,

and densitometer for UNH 65-3 between Ii and 35

kilometers.
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